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Anadromous sea lamprey Petromyzon marinus are native to Atlantic coastal
systems and serve as a functional link between marine and freshwater ecosystems. Sea
lamprey spend 1–2 years in the ocean parasitizing marine vertebrates before migrating
into freshwaters during the spring to spawn. There they construct nests, spawn, then die
shortly afterwards. Larvae hatch, bury into fine sediments and reside in streams for
generally 6–8 years, but up to 14. Larvae then undergo metamorphosis, a non-feeding
period characterized by a series of physical and physiological changes. The juveniles
(macropthalmia) then migrate to the ocean to begin the parasitic juvenile phase.
Historically, marine and freshwater ecosystems were linked by migrating
anadromous fish, including sea lamprey. However, barriers such as dams have reduced
or eliminated these migrations and therefore the delivery of nutrients via metabolic waste,
eggs, and carcasses to recipient freshwater systems. This thesis generally focused on
characterizing the dynamics and delivery of nutrients from sea lamprey, the pathways by
which these nutrients may be assimilated in stream food webs, and factors that may alter
or influence these effects.

A first step to understanding the role of sea lamprey in freshwater food webs is to
characterize the composition of adult tissue and subsequent dynamics of decomposition
and nutrient liberation. First, the timing of decomposition and subsequent nutrient
liberation of sea lamprey carcasses was characterized with a field and laboratory
experiment. Elemental composition revealed lamprey carcass nitrogen:phosphorus ratios
of 20.2:1 (± 1.18 SE). The experiments demonstrated that carcasses exponentially
decompose over a three to four week period in the stream leaving 27% (± 3.0% SE) of
the initial biomass remaining and liberating the majority of phosphorus and nitrogen.
These experiments characterize the dynamics of nutrients delivered to freshwater systems
and suggest that these subsidies may serve to enrich stream food webs and alleviate
nutrient limitations.
The spatial and temporal dynamics of sea lamprey carcass nutrients were
examined. Carcass addition experiments were conducted to examine changes in stream
nutrients, primary productivity, and nutrient assimilation among consumers. Field
experiments revealed 57–71% increases in algal biomass in areas with experimentally
added sea lamprey carcasses compared to an upstream reference. However, broader
spatial changes from multiple-site carcass addition may have been influenced by canopy
cover from adjacent riparian vegetation that limit incoming sunlight to the stream.
Several macroinvertebrate families including Heptageniidae, Hydropsychidae, and
Perlidae assimilated carcass nutrients, as determined with stable isotopes analysis.
Results from these experiments suggest that carcass nutrients may evoke localized effects
on food webs, and the pathways of assimilation by organisms may be coupled to adjacent
terrestrial systems.

Resource flows from sea lamprey across ecosystem boundaries may subsidize
recipient communities and influence bottom-up and top-down processes in food webs.
However, dams and barriers to fish passage may limit returns of spawning adult sea
lamprey to freshwater streams. Carcass addition experiments tested the effects of a
gradient of increasing carcass nutrients on primary producers and decomposers in stream
reaches flowing through open and closed riparian forest canopies. These experiments
revealed that manipulating the quantity of nutrient resources affected producers and
decomposers differently and that trends were further influenced by adjacent terrestrial
systems. A carcass addition experiment also revealed that larval lamprey assimilate a
portion of carcass nutrients. Therefore, collectively these experiments demonstrate that
sea lamprey carcasses may stimulate bottom-up trophic dynamics by alleviating nutrient
limitations, and additionally these nutrients may be captured by higher trophic levels.
This suggests that cross-ecosystem linkages may be mediated by subsidy quantity from
donor systems and environmental characteristics from recipient systems.
Sea lamprey function as an ecosystem engineer through nest building and
spawning activities and as a vector of nutrients to freshwater systems.
Macroinvertebrates, an important intermediate pathway in the cycling of nutrients and
transfer of energy, may be influenced by these physical and chemical perturbations. We
examined the colonization of macroinvertebrate assemblages on cleaned coarse substrate
designed to mimic substrate modified by sea lamprey spawning and subsequent nutrient
enrichment from post-spawned sea lamprey carcasses. We found that abundance and
biomass in sites receiving carcass nutrients were structured largely by Simuliidae,
compared to control sites that were structured by Hydropsychidae, Philopotamidae, and

Chironomidae. Environmental factors such as stream flow may further shape
assemblages by physically constraining the foraging capabilities of certain
macroinvertebrate families.
Larval sea lamprey reside in streams for 6–8 years to upwards of 14 years and
function as a filter feeding detritivore and utilize nutrients from adult carcasses. As a
result, larvae may exhibit higher growth rates during the post-spawn period of increasing
temperatures and nutrient limitation. The sensitivity of life history parameters and
influence of sea lamprey carcass nutrients on the age and growth of larval conspecifics
was examined with a deterministic stock recruitment model. Larval populations
receiving carcass nutrients demonstrated increases in larval growth and lower age-atmetamorphosis that, over time, resulted in a 3 fold increase in the numbers of returning
adults to freshwaters. This model exemplifies two potential alternative ecosystem states,
one in which fish populations are uninhibited during migration, and another in which fish
passage is constrained by migratory barriers.
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CHAPTER 1
DECOMPOSITION OF SEA LAMPREY PETROMYZON MARINUS
CARCASSES: TEMPERATURE EFFECTS, NUTRIENT
DYNAMICS, AND IMPLICATIONS FOR
STREAM FOOD WEBS
Abstract
Anadromous fishes serve as vectors of marine-derived nutrients into freshwaters
that are incorporated into aquatic and terrestrial food webs. Pacific salmonines
Oncorhynchus spp. exemplify the importance of migratory fish as links between marine
and freshwater systems; however little attention has been given to sea lamprey
(Petromyzon marinus Linnaeus, 1758) in Atlantic coastal systems. A first step to
understanding the role of sea lamprey in freshwater food webs is to characterize the
composition and rate of nutrient inputs. We conducted laboratory and field studies
characterizing the elemental composition, decay rates and subsequent water enriching
effects of sea lamprey carcasses. Proximate tissue analysis demonstrated lamprey carcass
nitrogen:phosphorus ratios of 20.2:1 (± 1.18 SE). In the laboratory, carcass decay
resulted in liberation of phosphorus within 1 week and nitrogen within 3 weeks. Nutrient
liberation was accelerated at higher temperatures. In a natural stream, carcass
decomposition resulted in an exponential decline in biomass, and after 24 days, the
proportion of initial biomass remaining was 27% (± 3.0% SE). We provide quantitative
results as to the temporal dynamics of sea lamprey carcass decomposition and subsequent
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nutrient liberation. These nutrient subsidies may arrive at a critical time of year to
maximize enrichment of stream food webs.
Introduction
Historically, many freshwaters were linked to the marine environment by
spawning migrations of adult anadromous fishes and subsequent seaward migration of
juveniles. Adult fish were important vectors for marine-derived nutrients transported into
oligotrophic freshwaters and subsequently incorporated into stream and lake food webs.
However, populations of many species declined or collapsed due to widespread
damming, the loss of spawning habitat, and overfishing (Sheer and Steel 2006; Saunders
et al. 2006; Limburg and Waldman 2009; Hall et al. 2011). Productivity and stream food
web structure and function in resource-limited aquatic systems may depend upon this
annual influx of carbon, nitrogen, and phosphorus (Polis et al. 1997; Wipfli and Baxter
2010).
Research from the Pacific Northwest is replete with examples documenting the
influence of anadromous salmonines in driving nutrient and energy flows between marine
and freshwater ecosystems (Cederholm et al. 1999; Gende et al. 2002). Nutrients
provided by decomposing salmon carcasses have been shown to increase: (1)
concentrations of nutrients in stream water (Jauquet et al. 2003; Mitchell and Lamberti
2005; Claeson et al. 2006); (2) algal biomass (Claeson et al. 2006; Kohler et al. 2008),
and conversely ecosystem respiration (Holtgrieve and Schindler 2011; Levi et al. 2013);
(3) macroinvertebrate production and density (Lessard and Merritt 2006); (4) fish growth
(Bilby et al. 1996; Wipfli et al. 2003); and (5) riparian vegetation growth (Naiman et al.
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2002). These subsidies may alleviate nutrient limitations (Ruegg et al. 2011). The
understanding of the role of Atlantic coast anadromous fish assemblages in altering
nutrient dynamics of freshwater systems is limited, but discernible linkages between
marine and freshwater systems have been established (Durbin et al. 1979; Garman and
Macko 1998; Walters et al. 2009). Food web response to nutrient subsidies in Atlantic
coast systems may differ from what is observed in Pacific coast systems (Pess et al.
2014).
Pacific and Atlantic coast streams in North America exhibit differences that may
affect the dynamics and efficacy of nutrient subsidies from anadromous fish. Pacific
coast streams are generally high-gradient oligotrophic systems originating from the
Rocky Mountains and Sierra Nevadas. In contrast Atlantic coast streams are generally
low-gradient oligotrophic and mesotrophic systems originating from the lower-lying
Appalachian Mountains. These ecoregions are characterized by distinct climates, soils,
nutrient limitations, and surface land geomorphology (Omernik 1977; Smith et al. 2003).
Nutrient subsidy responses vary between ecoregions and are further influenced by land
use patterns (Tank and Dodds 2003; Johnson et al. 2009). Whereas dams have impacted
systems on both coasts, Atlantic coast systems are disproportionately impacted by
historic and ongoing timber harvesting practices and acid rain pollution that have further
increased environmental stress and reduced productivity, resilience, and biodiversity
(Driscoll et al. 2001; Sweeney et al. 2004). Therefore, land use and watershed integrity
in Atlantic coast systems are largely perturbed from intact conditions relative to Pacific
coast systems and may respond to nutrient subsidies differently.
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Atlantic and Pacific coast streams are comprised of unique anadromous fish
assemblages that likely vary in net nutrient additions to freshwater systems (Nislow and
Kynard 2009; Pess et al. 2014; Weitkamp et al. 2014). Fish assemblages in Pacific coast
streams are largely comprised of five species of semelparous salmonines Oncorhynchus
spp. However, Atlantic coast anadromous fish assemblages includes a broader
representation of families, comprised of ubiquitous populations of iteroparous alosines
Alosa spp., and striped bass (Morone saxatilis Walbaum, 1792), with relatively smaller
spawning populations of iteroparous Atlantic salmon (Salmo salar Linnaeus, 1758), and
rainbow smelt (Osmerus mordax Mitchill, 1814), and semelparous sea lamprey
(Petromyzon marinus Linnaeus, 1758). Iteroparous species primarily supply metabolic
waste and gametes to freshwater systems, but carcasses can also contribute nutrients,
whereas semelparous species primarily contribute relatively larger amounts of nutrients
from dead spawners (Nislow and Kynard 2009). The contrasting composition of these
fish assemblages, and associated life history expressions, likely influence the timing and
magnitude of nutrients delivered to freshwater systems, and may preclude the direct
application of trends from Pacific coast streams to Atlantic coast streams.
Sea lamprey and Pacific salmonines share traits of anadromy and semelparity, but
the seasonal timing of migration suggests disparate carcass nutrient effects on stream
food webs (Guyette et al. 2013). Sea lamprey spawn from spring to early summer
(Beamish 1980) compared to the majority of salmonines that spawn from fall to winter
(Sumner 1953; Quinn 2005). Thus, sea lamprey arrival in freshwaters provides nutrient
subsidies at a critical time when rising water temperatures and increasing photoperiod
stimulates primary productivity and increases the metabolic demand of consumers
4

(Lovern 1938; Hall 1972; Cummins 1974). Additionally, this coincides with the
emergence of young-of-the-year fish (e.g., Atlantic salmon fry), and macroinvertebrates
(Gustafson-Greenwood and Moring 1990; Merritt et al. 2008; Nislow and Kynard 2009),
which may benefit from these nutrient subsidies.
Our objective was to characterize the temporal nutrient dynamics of decomposing
sea lamprey carcasses as a first step in revealing subsidy pulses to stream ecosystems. To
address our objective we sought to (1) analyze whole adult sea lamprey carcasses for
elemental composition; (2) quantify temperature-dependence of concentrations of
nutrients liberated from carcasses in the laboratory; and (3) quantify the decay rates (i.e.,
loss of biomass) of carcasses in a natural stream.
Materials and Methods
Fish Collection
For the laboratory component of this study investigating elemental composition
and temperature effects on nutrient liberation (Objectives 1 and 2), we collected prespawn sea lamprey during May 2010 and 2013 from Veazie Dam, the first barrier
encountered by anadromous fishes migrating upstream the Penobscot River, Maine, at
river kilometer (rkm) 40.0 in Penobscot County, Maine (note: Veazie Dam was removed
in summer 2013; Penobscot River Restoration Trust 2015). Collection took place during
migration before sea lamprey commenced nest building and spawning activities. For the
field component investigating in-stream decomposition rates (Objective 3), we collected
post-spawn sea lamprey from Sedgeunkedunk Stream, a 3rd order tributary flowing into
the Penobscot River at rkm 36.5 during June 2010. All collected fish were sexed and
5

measured for mass (± 0.1 g) and total length (± 1 mm), then stored frozen at -10 oC until
experimental deployment. Fish were collected and sacrificed according to approved
IACUC protocols.
Elemental Composition Analysis
Whole pre-spawn sea lamprey carcasses (7 males, 3 females, n = 10) were
processed for elemental composition. Individual carcasses were homogenized with
deionized water in a tissue grinder and oven dried at 68 oC for 48 hours. Samples were
pulverized with a mortar and pestle then weighed out into two equivalent replicate
samples. Samples were analyzed for total carbon and nitrogen by dry combustion (Leco
CN-2000, St. Joseph, Michigan, U.S.A.), and for Ca, K, Mg, P, Al, Fe, Mn, Na, Zn, and
Cu by dry ash mineral analysis with inductively coupled plasma optical electron
spectroscopy (Thermo-Jarrell Ash ICP spectrometer, Model 975, Franklin,
Massachusetts, U.S.A.) by the University of Maine Analytical Laboratory and Soil
Testing Service. Results for total carbon and nitrogen were reported as a percent of dry
weight and elements were reported in mg·kg-1 of dry weight.
Laboratory Carcass Decomposition and Nutrient Dynamics
In the laboratory, we assigned sea lamprey carcasses (9 females, 3 males; n = 12)
randomly as one of four replicates within one of three temperature treatments: 15, 20, and
25 oC. Carcasses were placed into individual 15 L tanks irrigated with well water
brought to each temperature using isolated heated or chilled water baths connected by a
recirculating pump. A header tank for each treatment provided constant groundwater
inflow at approximately 80 mL·min-1; a complete water turnover within each tank
6

occurred every 3 hours. Air stones were placed inside tanks to circulate water and
promote mixing. Temperature loggers (Onset, Hobo Pendant UA-001-08, Cape Cod,
Massachusetts, U.S.A.) were placed inside the tanks of two replicates of each treatment
and recorded temperature at one-hour intervals. During the course of this study the
laboratory received no sunlight, and fluorescent lights operated on a timer lighting the
room between 0700–1900 hours. At the end of the experiment carcasses were remeasured for wet mass (± 0.1 g).
We sampled water from the outflow of each tank prior to the addition of carcasses
(day 0), and then at day 1, 2, and 3 after carcass addition and every 3 days thereafter for
45 days. Approximately 60 mL of water was filtered through 25-mm, 0.45-μm mixed
cellulose ester membranes (Millipore Corp., Billerica, Massachusetts, U.S.A.) with a
filter holder and syringe into an acid washed bottle. In addition, a filtered 60 mL sample
of deionized water, serving as a blank, was collected during each sampling occasion.
After collection, samples were stored frozen until analysis. Samples were analyzed for
dissolved inorganic nitrogen as ammonium (NH4) and nitrate (NO3) by flow injection
analysis (O.I. ALPKEM Flow Solution FS3000, College Station, Texas, U.S.A.), and
total soluble phosphorus by inductively coupled plasma optical emission spectrometry
(Thermo iCAP 6000, Thermo Fisher Scientific, Marietta, OH, U.S.A) by the University
of Maine Analytical Laboratory and Soil Testing Service. Detection limits for
ammonium and nitrate were 0.03 and 0.01 mg·L-1 respectively and 0.1 mg·L-1 for total
soluble phosphorus.
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Natural Stream Carcass Decomposition
Sea lamprey carcasses (n = 24) collected from Sedgeunkedunk Stream were
reintroduced on June 24 2010, consistent with the peak in post-spawning mortality we
have observed in previous years. Carcasses were placed in mesh bags, caged in ½” mesh
hardware cloth (to discourage scavengers), and distributed evenly among three 25-m
reaches in the stream. Cages were anchored to secure carcasses to the substrate and
prevent removal by terrestrial scavengers. Temperature loggers were placed in the
stream reaches to record temperature at one-hour intervals. We sampled carcasses at
days 14–17, 21, 24, 29, 32, 37, and 46. Carcasses were lifted gently from the stream with
a dip-net and debris was removed and excess water was allowed to drain, with minimal
handling. Mass was measured with a hanging scale to the nearest 0.1 g. During
sampling periods, carcasses that declined to ≤15% original body mass were removed
from the stream as they were largely comprised of a notochord and oral disk.
Statistical Analysis
Due to low sample sizes, we used a series of nonparametric Wilcoxon Rank-Sum
tests (Sokal and Rolf 1995) to analyze for differences in elemental composition between
males and females. Coefficients of variation (CV = SD/mean x 100; Zar 1999) were
calculated from replicate samples. Ammonium, nitrate, and total soluble phosphorus
concentrations from the laboratory decomposition experiment were analyzed in a linear
mixed effects model (JMP Pro version 11.0, SAS, Inc., Cary, North Carolina). Residuals
did not conform to a normal distribution (Shapiro-Wilk W test: P < 0.05; Zar 1999),
therefore a log transformation was applied to the nutrient concentrations to satisfy
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normality assumptions. We modeled nutrient concentration as a function of temperature,
day, and the interaction as fixed effects, and replicate as a random effect. Finally, results
from our natural stream carcass decomposition experiment were plotted as a mean
proportion of initial carcass weight and tested as an exponentially declining function of
time with a Kolmogorov-Smirnov goodness-of-fit test (Zar 1999).
Results
Elemental Composition
Our elemental composition analysis demonstrated several differences among male
and female sea lamprey (Table 1.1). Wilcoxon rank sum tests identified higher calcium
and aluminum concentrations and lower iron concentrations in females versus males (P <
0.05). Conversely, we observed no differences in potassium, magnesium, phosphorus,
and sodium concentrations, nor percent carbon and nitrogen. Nitrogen to phosphorus
ratios (mean ± SE) among all individuals was 20.2:1 (± 1.18); 19.0:1 (± 0.17) for males
and 22.8:1 (± 3.93) for females, however this was not significantly different.
Concentrations of manganese were below detection limits (1.0 mg·kg-1), in many
instances reported as <2.0 mg·kg-1, and therefore were excluded from analysis.
Coefficients of variation between replicate samples were generally low (≤2.0%) with the
exception of aluminum that ranged 2–88%.
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Table 1.1. Sea lamprey elemental composition. Mean (± SE) sea lamprey length, weight,
elemental concentration (% or mg·L-1), and N:P and C:N ratios from elemental
composition analysis. Manganese concentrations were below detection limits (<2.0
mg·L-1). Bolded parameters indicate significant differences from Wilcoxon rank sum
tests (P < 0.05)

Variable
Metric
Length (mm)
Mass (g)
Element (%)
N
C
Element (mg·kg-1)
N
Ca
K
Mg
P
Al
Fe
Mn
Na
Zn
Cu
N:P
C:N

Males
Mean (SE)

Females
Mean (SE)

654.1 (20.3)
629.4 (82.2)

568.0 (43.9)
449.7 (97.8)

11.1 (0.5)
55.2 (1.0)

11.3 (0.3)
53.6 (1.4)

110,714 (14,863)
262 (18)
8,641 (432)
598 (26)
5,830 (256)
54 (7)
280 (22)
–
3,497 (277)
61 (4)
14.5 (1.4)
19.0 (0.2)
5.1 (0.4)

112,667 (3,384)
597 (126)
3,826 (2,261)
479 (111)
5,340 (1,179)
198 (41)
181 (20)
–
1,662 (874)
81 (5)
12.9 (0.5)
22.8 (3.9)
4.8 (0.3)

Laboratory Carcass Decomposition and Water Nutrient Dynamics
During the laboratory experiment, temperatures in the three treatments (mean ±
SD) averaged 15.0 ± 1.3 oC, 19.6 ± 0.6 oC, and 25.5 ± 0.8 oC, respectively. After 45
days, mean proportion of initial body mass decreased to 0.75 at 15 oC, to 0.74 at 20 oC,
and to 0.48 at 25 oC (Table 1.2). Our linear mixed effects model revealed a significant
interaction between Day and Temperature among all nutrients (P < 0.001; Figure 1.1).
For the main effects, Day was significant among all nutrients, and Temperature was
significant for nitrate and phosphorus, but not ammonium.
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Table 1.2. Sea lamprey carcass length and mass for decomposition. Comparisons of sea
lamprey carcass mean (± SE) length and mass before and after 45 days, and average mass
loss and proportion of initial mass remaining among temperature treatments.
Before
Treatment
Length
Mass
o
( C)
(mm)
(g)
15
691.3 (16.7) 758.4 (39.0)
20
680.0 (22.4) 786.7 (110.6)
25
680.3 (15.3) 772.5 (54.8)

Mass
(g)
567.0 (70.4)
581.2 (131.2)
368.5 (30.6)

After
Mass loss
(g)
191.4
205.5
404.0

Proportion of
initial mass
0.75
0.74
0.48

Our experiment demonstrated varying liberation rates and temperature
tependencies among nutrients (Figure 1.1). Mean background nutrient concentrations
(day 0; mean ± SD) among all tanks was 2.4 ±0.002 mg·L-1 for nitrate, 0.027 ±0.003
mg·L-1 for ammonium, and 0.042 ±0.0006 mg·L-1 for phosphorus. Nutrient
concentrations were the most variable among temperatures from day 1–9. During this
period ammonium concentrations (mean ± SD) were 2.5 ± 1.1 mg·L-1 at 15 oC, 4.4 ± 0.8
mg·L-1 at 20 oC, and 9.8 ± 3.4 mg·L-1 at 25 oC. From day 12 – 21, ammonium
concentrations were relatively consistent for 15 oC (4.2 ± 1.1 mg·L-1), but lower for 20 oC
(3.9 ± 1.7 mg·L-1) and 25 oC (2.8 ± 1.7 mg·L-1). Ammonium concentrations continued to
decline after day 21, approaching background concentrations among all treatments.
Nitrate concentrations responded to temperature differently than ammonium during the
first nine days and were 2.1 ± 0.2 mg·L-1 at 15 oC, 1.7 ± 0.4 mg·L-1 at 20 oC, and 0.8 ±
0.5 mg·L-1 at 25 oC. After three weeks, nitrate concentrations were relatively consistent
among temperatures. Total soluble phosphorus demonstrated a similar pattern among
temperatures. During days 1–9 total soluble phosphorus concentrations were 0.8 ± 0.7
mg·L-1 at 15 oC, 1.0 ± 0.7 mg·L-1 at 20 oC, and 1.1 ± 0.9 mg·L-1 at 25 oC. The highest
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concentrations among all temperatures occurred at day 1 and returned to background
concentrations after day 21.

Figure 1.1. Nutrients liberated from sea lamprey carcasses. Ammonium, nitrate, and total
soluble phosphorus concentrations (mean ± SE) over 45 days among 15, 20, and 25 oC
temperature treatments (n = 12). F and P statistics are presented for a linear mixed
effects model testing for the effects of time and temperature (see text for explanation).

Natural Stream Carcass Decomposition
Mean daily temperatures on Sedgeunkedunk Stream were 21.8 (± 0.24 oC SE)
during our field decomposition experiment. Carcasses reintroduced into the stream
averaged 0.56 ± 0.03 kg SE prior to decomposition. Surveys of carcasses after two
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weeks revealed a decrease in mean proportion of initial body mass to 0.85 ± 0.13 SE
(Figure 1.2). Between days 15–17 mean carcass proportions declined to 0.47 ± 0.08 SE,
and by day 24 mean carcass proportions were 0.27 ± 0.03 SE. By day 32 (July 23, 2010)
we had removed 9 carcasses from the stream (<15% initial body mass), and by day 46
(August 6, 2010) only 2 carcasses remained above our threshold. The KolmogorovSmirnov goodness-of-fit test determined that the proportion of initial body mass over
time among sampled carcasses followed an exponential decay (D = 0.292; P = 0.25).

Figure 1.2. Sea lamprey carcass decay in the stream. Proportion of mean carcass mass (kg
± SE) remaining of initial carcass mass over 46 days (n = 24), mean daily temperature
(degrees Celsius; solid line) and minimum and maximum daily temperatures (dotted
lines) in Sedgeunkedunk Stream during June–August 2010. Numbers next to each mean
indicate the number of carcasses remaining in the stream.
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Discussion
We sought to quantify elemental composition, decay rates, and temperature
effects on nutrient liberation from anadromous sea lamprey carcasses. In the laboratory,
nutrient liberation from carcasses was faster at higher temperatures and the majority of
phosphorus and ammonium leached within one and three weeks respectively. In a natural
stream, carcasses decomposed to <30% of their original mass in 24 days. Our results
suggest that conclusions drawn about changes in nutrient dynamics from anadromous fish
assemblages based on studies of Pacific Northwest streams may not apply to Atlantic
coast streams.
Elemental Composition
Nitrogen to phosphorus ratios of sea lamprey averaged 20.2:1 (± 1.2 SE), whereas
N:P ratios measured in salmonines vary from 5:1 to 17:1 (Stansby and Hall 1965; Lyle
and Elliott 1998; Johnston et al. 2004; Pearsons et al. 2007; Guyette et al. 2014). Whole
body elemental composition varies among species and arises from differences in
morphology, anatomy, physiology, and life history strategies (Elser et al. 1996; Tanner et
al. 2000; Dantas and Attayde 2007). Differences in N:P ratios between salmonines and
sea lamprey may be due to contrasting anatomical structures. Unlike salmonines, sea
lamprey lack calcified scales and bone, which are sources of phosphorus that likely
increase whole-body N:P ratios (Bowen 1966; Parmenter and Lamarra 1991).
Stoichiometric differences between salmonines and sea lamprey subsidies may result in
disparate available nutrient pools, leading to differences in primary productivity,
consumer-regulated nutrient cycling, and community structure (Kitchell et al. 1979;
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Tilman 1982; Elser et al. 1996). Expressed effects of these stoichiometric differences are
context-dependent, according to biological (i.e., community structure), physical, and
geological characteristics that vary between Pacific coastal streams versus Atlantic
coastal streams.
The individuals collected for elemental analysis were in the process of migrating
up the Penobscot River and likely had not begun any spawning activity. We may expect
differences in whole-body calcium, nitrogen, and phosphorous concentrations between
males and females due to the synthesis of vitellogenin, a female-specific yolk precursor
protein in oviparous vertebrates during maturation. Increases in plasma calcium
concentrations and phosphoprotein phosphorus are associated with vitellogenesis and, for
example, have been observed among female spawning cod Gadus spp., and rainbow trout
Oncorhynchus mykiss (Walbaum, 1792; Woodhead 1968; Whitehead et al. 1978; Nagler
et al. 1987). We observed higher calcium concentrations in females compared to males.
However, we did not detect lower N:P ratios in females from phosphoprotein phosphorus
production, compared to males, which may be due to low sample sizes (7 males, 3
females).
Carcass Decomposition and Nutrient Dynamics
We observed higher carcass decomposition rates in Sedgeunkedunk Stream
compared to the laboratory. In the lab, carcasses decreased to 0.48–0.75 of initial body
mass at the end of 45 days, whereas in the stream all carcasses decreased to <0.15 of
initial body mass in equal or less time. In streams, carcasses likely break down at much
faster rates due to higher stream flows and associated shear stress, and abrasion and direct
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consumption by organisms (e.g., macroinvertebrates) (Minakawa and Gara 1999;
Chaloner et al. 2002; Fenoglio et al. 2010). During our natural stream measurements of
carcass decomposition (Figure 1.2), there were two instances at day 16 to 17 and day 32
to 37 where we measured higher mean carcass mass remaining from a preceding
measurement. We attribute these increases in mean mass to variation introduced from
debris, and excess water retained by the carcasses as they were lifted out of the water.
We wished to minimize handling disturbance to keep carcasses intact, therefore we
incurred this error.
The decomposition rates and enrichment effects of sea lamprey and salmon
carcasses may be influenced by the seasonal timing of migration and spawning as well as
biophysical processes in streams. Organic matter decomposition is faster at higher
temperatures due to increased microbial and invertebrate metabolism (Cummins 1974;
Minshall et al. 1991; Young et al. 2008). The decomposition of sea lamprey carcasses
during early summer is likely accelerated by higher temperatures compared to
decomposition of salmon during the fall and winter. Wipfli et al. (1998) observed salmon
carcasses decompose to 60% of their original mass over a three month period in average
temperatures of 7.5 oC, with much of that decomposition occurring initially during higher
temperatures immediately post-spawn. In contrast, our study demonstrated that sea
lamprey carcasses lost over 60% of initial mass in less than a month (Figure 1.2). We
observed a slower decomposition rate during the first two weeks at a mean stream
temperature of 20.6 oC. This was followed by an accelerated decomposition rate,
characteristic of exponential decay, at a mean stream temperature of 23.8 oC. The abrupt
increase in mean stream temperature and corresponding decrease in proportion of initial
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weight are a plausible explanation for the patterns we observed. Furthermore, the
disparate trends in decomposition between salmon and sea lamprey may be due to
differences in skeletal structure. As decomposition occurs, a large proportion of initial
salmon carcass weight remains in the stream in the form of recalcitrant bone and scales
comprising of phosphorus and calcium (Parmenter and Lamarra 1991), in contrast to sea
lamprey that leave behind a relatively lighter cartilaginous notochord and keratinized
mouth parts.
The influence of nutrient subsidies from sea lamprey carcasses likely depends
upon carcass retention within the stream. Although we did not measure carcass retention
within streams, literature examining the fate of post-spawning salmonines has
demonstrated that a majority of carcasses are retained within streams or adjacent forests
(carried by scavengers; Cederholm et al. 1989), while a proportion may be displaced
downstream and accumulate in areas of slow moving water (Williams et al. 2010). To
our knowledge a formalized study has not been conducted examining sea lamprey carcass
retention within streams; however we suspect that downstream displacement and
scavenger removal play a role. We have observed snapping turtle (Chelydra serpentina
Linnaeus, 1758) consuming moribund sea lamprey in Sedgeunkedunk Stream; other
likely scavengers would include raccoon (Procyon lotor Linnaeus, 1758) and crayfish
(e.g., Cambaridae).
The enriching effects of carcasses on nutrient concentrations in ambient water we
observed were over periods of days, in contrast to studies of salmonids in which elevated
stream water nutrient concentrations persisted for several weeks or more (Minakawa and
Gara 1999; Claeson et al. 2006; Kohler et al. 2008). Wipfli et al. (2010) observed
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relatively high phosphorus and ammonium concentrations in stream water, persisting for
four and six weeks respectively after salmon carcass addition compared to control
reaches during the fall over temperatures that ranged 6.2–9.3 oC. Water temperatures of
small streams within the Penobscot Watershed may average 20 oC or more during the
spring at the time of sea lamprey spawner death, which correspond to ammonium and
phosphorus liberation rates that persist for just one to three weeks (Figure 1.1). Thus, the
timing of sea lamprey migration affects the magnitude and persistence of nutrient
subsidies available to stream food webs.
The patterns of nitrate and ammonium from the carcasses we observed may be
explained by microorganisms present on the carcasses. Denitrification and dissimilatory
nitrate reduction to ammonium (DNRA) by heterotrophic bacteria may be two plausible
hypotheses explaining the trends we observed. Denitrification reduces nitrate to
dinitrogen gas (N2), while DNRA reduces nitrate to ammonium (MacFarlane and Herbert
1984; Kelso et al. 1997). These processes occur under anaerobic conditions, likely
occurring within carcasses, and may explain the decrease in nitrate and corresponding
increase in ammonium during the first three weeks of decomposition (Figure 1.1).
Ammonium, nitrate, and soluble phosphorus become available nutrients for other
biological processes, uptake, and recycling in streams.
Anadromous fish are important vectors of marine-derived nutrients to freshwater
ecosystems (Gende et al. 2002; Lamberti et al. 2010). The spring timing of sea lamprey
spawning is such that carcass nutrient subsidies may arrive at a critical period of
increased metabolic demand and declining primary productivity (Hall 1972; Cummins
1974). Thus, bioenergetic limitations of stream organisms may be alleviated at this time.
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Furthermore, these nutrient subsidies might be hypothesized to increase the success of
juvenile migratory and resident fishes (e.g., Atlantic salmon; Nislow et al. 1998; Nislow
and Kynard 2009; Guyette et al. 2014). In areas where sea lamprey populations are
intact, these fish are likely important drivers of nutrient dynamics and an integral
component of the structure and function of stream food webs.
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CHAPTER 2
SEA LAMPREY CARCASSES EXERT LOCAL AND VARIABLE FOOD WEB
EFFECTS IN A NUTRIENT-LIMITED ATLANTIC COASTAL STREAM
Abstract
Resource flows from adjacent ecosystems are critical in maintaining structure and
function of freshwater food webs. Migrating sea lamprey, Petromyzon marinus deliver a
pulsed marine-derived nutrient subsidy to rivers in spring when the metabolic demand of
producers and consumers are increasing. However, the spatial and temporal dynamics of
these nutrient subsidies are not well characterized. We used sea lamprey carcass
additions in a small stream to examine changes in nutrients, primary productivity, and
nutrient assimilation among consumers. Algal biomass increased 57–71% immediately
adjacent to carcasses, however broader spatial changes from multiple-site carcass
addition may have been influenced by canopy cover. We detected assimilation of
nutrients (via δ13C and δ15N) among several macroinvertebrate families, including
Heptageniidae, Hydropsychidae, and Perlidae. Our research suggests that subsidies may
evoke localized patch-scale effects on food webs, and the pathways of assimilation in
streams are likely coupled to adjacent terrestrial systems. This research underscores the
importance of connectivity in streams, which may influence sea lamprey spawning and
elicit varying food web responses from carcass subsidies due to fine scale habitat
variables.
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Introduction
Energy and nutrient flows across ecosystem boundaries can influence the
structure and function of recipient ecosystems, alleviate nutrient limitation, and increase
primary and secondary productivity (Vanni 2002; Polis et al. 2004; Lamberti et al. 2010).
In aquatic systems, carbon, nitrogen, and phosphorus (an important subset of potential
nutrient subsidies), may alleviate bottom-up constraints on productivity by facilitating instream production, and/or alter top-down effects if received directly by consumers
(Rosemond et al. 1993; Lamberti 1996; Kiernan et al. 2010). Thus, stream production
and food-web structure are determined largely by resource availability and assimilation
through both autotrophic and heterotrophic pathways.
The effect of nutrient subsidies varies with the magnitude and duration of the
resource, as well as the environmental and community-level processes of recipient
systems (Marczak et al. 2007; Zhang and Richardson 2011). Pulsed nutrient subsidies
may be sporadic or predictable, large or small in magnitude, but are often short lived and
may alleviate nutrient limitations and stimulate productivity (Odum 1971; Yang et al.
2010; Weber and Brown 2013). Additionally, habitat variables (i.e., temperature,
substrate, flow) may fluctuate across space and time, influencing the effects of subsidies
on food web structure (Roberts et al. 2007; Kohler et al. 2012). Thus, the pathways by
which nutrient subsidies are utilized are specific to the context of the recipient ecosystem.
Migratory fish are vectors of nutrients and energy, and synchronous spawning
events provide resource subsidies to ecosystems that support production of their
offspring. Nutrients in the form of excretion, gametes, and carcasses may influence
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recipient stream food webs through various pathways (Gende et al. 2002; Tiegs et al.
2011; Childress and McIntyre 2015). Subsidies may be assimilated at the base of aquatic
food webs in the form of inorganic nutrients, thereby increasing algal biomass and
primary productivity (Claeson et al. 2006; Kohler et al. 2008), or the production of
heterotrophic microbes (Ruegg et al. 2011) . Alternatively, subsidies may enter food
webs through direct consumption by consumers (e.g., macroinvertebrates and fish;
Lessard and Merritt 2006; Wipfli et al. 2003; Guyette et al. 2014); therefore nutrient
response pathways vary and may be further modified by stream characteristics.
In Atlantic coastal waters, sea lamprey, Petromyzon marinus, spawning
migrations deliver a pulse of marine-derived nutrient subsidies to freshwater streams and
rivers in the spring. The decay rates of sea lamprey carcasses and subsequent water
enriching effects of nitrogen and phosphorus occur over a relatively short period of
several weeks (Weaver et al. 2015). At this time rising water temperatures and increased
photoperiod stimulates primary productivity and increases the metabolic demand of
consumers, including young-of-the-year fish and macroinvertebrates (Hall 1972;
Gustafson-Greenwood and Moring 1990; Nislow and Kynard 2009). During this period
of nutrient and energy limitation, nutrient subsidies from sea lamprey received by
Atlantic coastal waters are likely to be critical in maintaining structure and function of
stream food webs.
We sought to quantify the spatial and temporal dynamics of sea lamprey nutrient
subsidies on primary productivity and nutrient assimilation of stream organisms. We
describe and present the results of two studies, the first was a carcass addition experiment
in 2013 designed to determine temporal changes in primary productivity, which helped
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inform the design of a second experiment conducted in 2014 to investigate the spatial and
temporal effects of nutrient subsidies in more detail. To address our objective, we sought
to quantify changes in (1) stream nitrogen and phosphorus, (2) stream nutrient
limitations, (3) spatial and temporal patterns of primary productivity attributed to sea
lamprey carcass nutrients, and (4) the assimilation of nutrients among select
macroinvertebrates and juvenile sea lamprey (ammocoetes).
Study Area
We conducted carcass addition experiments in 2013 and 2014 in Sedgeunkedunk
Stream, a 3rd order tributary flowing into the Penobscot River at river kilometer (rkm)
36.5 (Figure 2.1; A and B). Two dams were removed on the stream, Mill Dam in 2008
and Meadow Dam in 2009, restoring 5.3 km and connectivity to the ocean. In subsequent
years, spawning sea lamprey were regularly observed during spring in Sedgeunkedunk
Stream (Gardner et al. 2012; Hogg et al. 2013). However, we selected study reaches
where we observed no sea lamprey, evidence of nest building, or post-spawned carcasses
during our experiments.
Methods
We collected pre-spawn sea lamprey for carcass addition experiments in 2013
from Veazie Dam (rkm 45.0) and in 2014 from Milford Dam (rkm 61.0) on the mainstem Penobscot River. Collection took place in May during migration, but before sea
lamprey commenced nest building and spawning activities. All collected fish were
measured for mass (± 0.1 g) and total length (± 1 mm), then stored frozen at -10 oC until
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experimental addition. Fish were collected and sacrificed according to approved IACUC
procedures.
Single Site Carcass Addition Experiment
In 2013, we selected a 20-m reach comprised of two riffle-run sequences that
were similar in stream and riparian habitat (Figure 2.1; A). Fifty carcasses were placed in
mesh bags, and randomly assigned to one of three 2.5-cm mesh metal cages (to
discourage scavengers), and staked in the mid channel of the stream. The average
individual carcass mass was 0.758 kg (± 0.023 SE); the total carcass mass added to the
stream was 37.9 kg. Carcasses were deployed on 20 July, 2013.
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Figure 2.1. Location of experimental sea lamprey carcass addition. Location of study
reaches for experimental sea lamprey carcass addition during 2013 (A), and 2014 (B) on
Sedgeunkedunk Stream, Maine. Circles indicate former or current obstacles to fish
passage. Inset depicts locations of ten sites within the experimental reach during 2014.
Shaded boxes indicate sites that received additions of sea lamprey carcasses.
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Multiple Site Carcass Addition Experiment
Our results from 2013 directed our experimental design for 2014. In 2014 we
chose a reach upstream from the previous year (Figure 2.1; B). We delineated 10 sites
along an approximate 150 m reach (Figure 2.1; inset). Each site was comprised of a riffle
and subsequent run that ended at the beginning of the next riffle; the average length for
each site was 12 m. The two uppermost sites (1 and 2) were designated as reference
sites. The following six downstream sites (3–8) were designated to receive 20 sea
lamprey carcasses (120 carcasses total). Finally, the two lowermost sites (9 and 10)
received no carcasses. Carcasses were caged similar to methods described above and
were anchored at the upstream most end of each site. The average individual mass
among all carcasses was 0.767 kg (± 0.02 SE); the mass added to each site averaged 15.3
kg (± 0.08 SE) and totaled 92.0 kg throughout the experimental reach. Carcasses were
deployed on 25 June, 2014.
The numbers of carcasses we added to Sedgeunkedunk Stream during each
experiment represent ecologically realistic densities that may be deposited after spring
spawning. Mean estimates of sea lamprey spawning run densities after dam removal in
Sedgeunkedunk Stream ranged 223–242 (47–51 fish/km; Hogg et al. 2013). Nislow and
Kynard (2009) estimated 30–136 (100–453 fish/km) spawning sea lamprey in a 300-m
reach in Fort River, a tributary to the Connecticut River, similar in width to
Sedgeunkedunk Stream. Generally, however, population estimates of spawning sea
lamprey throughout the Northeastern United States are not well characterized.
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Water Chemistry
During our multiple site carcass addition experiment (2014), we sampled stream
water for soluble nitrogen and phosphorus. Samples were taken 0.5 m from the right and
left banks and the mid channel at downstream end of each of the 10 sites prior to the
addition of carcasses, then after 12 h, days 1–4, then every other day until day 14. With
the exception of our sample taken after 12 h, all samples were collected during the same
time of day. Approximately 60 mL of water was filtered through 25-mm, 0.45-μm mixed
cellulose ester membranes (Millipore Corp., Billerica, Massachusetts, U.S.A.) with a
syringe into an acid-washed bottle. Samples were stored frozen until analysis. Samples
were analyzed for dissolved inorganic nitrogen as ammonium (NH4+) and nitrate (NO3-)
by flow injection analysis (O.I. ALPKEM Flow Solution FS3000, College Station, Texas,
U.S.A.), and total soluble phosphorus by inductively coupled plasma optical emission
spectrometry (Thermo iCAP 6000, Thermo Fisher Scientific, Marietta, OH, U.S.A) by
the University of Maine Analytical Laboratory and Soil Testing Service. A filtered 60
mL sample of deionized water, serving as a blank, was run periodically among sets of
samples. Detection limits for ammonium and nitrate were 0.002 and 0.0005 mg·L-1
respectively and 1.55 µg·L-1 for total soluble phosphorus.
Primary Productivity
We used nutrient diffusing substrates to quantify changes in algal biomass and
subsequent nutrient limitation (Tank and Dodds 2003; Tank et al. 2006). Our nutrient
solution treatments consisted of 0.5M NH4NO3, 0.25M KH2PO4, 0.5M NH4NO3 + 0.25M
KH2PO4, and a control (hereafter referred to as N, P, N + P, and C respectively).
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Solutions were amended with 2% agar and poured to the top of 60 mL polypropylene
screw-cap bottles. The bottles were topped with 2.5 cm diameter, 0.7 μm glass
microfiber filters (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania, U.S.A.). We
bored holes through the caps, which were fastened over the filters, securing them flush
against the nutrient augmented agar solution, which exposed the filter’s surface area.
We constructed arrays to house diffusers using 2.54-cm polyvinyl chloride (PVC)
pipe to serve as a rectangular base with 3.8-cm angled steel slats on top. Bottles were
cable-tied to the slats. In 2013 we constructed arrays that contained nine replicates of
each nutrient treatment for a total of 36 diffusers per array (N = 72 total diffusers). We
deployed one array in the riffle downstream of the carcasses and the other array in the
riffle upstream of the carcasses. In 2014 we constructed arrays containing 3 replicates of
each nutrient treatment for a total of 12 diffusers per array. Three arrays were deployed
at each site (N = 360 total diffusers). Arrays were deployed at water depths of 18 cm
downstream of carcasses at each site. All arrays remained submerged throughout both
experiments. The downstream distance between the added carcasses and the arrays
varied, but were approximately 1–2 m. We did not exclude grazing invertebrates from
our nutrient diffusing substrate arrays during both carcass addition experiments; however,
similar to Tank and Dodds (2003), we did not observe invertebrate colonization within
the arrays.
Replicates of each nutrient treatment within each array were sampled at one, two,
and three weeks after carcass addition as the majority of decomposition occurred during
an initial three week period (Weaver et al. 2015). Filters were lifted gently off the bottles
with forceps, placed into labeled 1.5 mL polyethylene tubes, and kept on ice in the dark.
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In the lab, filters were stored at -10 oC until extraction and analysis. Filters were
homogenized using a 90% acetone solution and a mortar and pestle. Extracted samples
were analyzed for chlorophyll a, corrected for pheophytin using spectrophotometry
(Strickland and Parsons 1972; APHA 1999) with a Thermo Aquamate spectrophotometer
(Thermo Fisher Scientific, Marietta, OH, U.S.A). During both years we lost a few
diffusing substrata replicates, particularly in 2014 during high flows from a spate. We
analyzed chlorophyll a in 57 samples in 2013 and 311 samples in 2014.
Stream Habitat Variables
During both experiments, temperature loggers (Onset, Hobo Pendant UA-001-08,
Cape Cod, Massachusetts, U.S.A) were placed in the experimental area and retrieved at
the conclusion of the experiment. Loggers continuously recorded temperature at onehour intervals. During the multiple site carcass addition experiment (2014) we measured
stream habitat characteristics at each of the ten sites. We measured total stream depth
and mean column velocity at 0.5-m increments along one cross-sectional transect during
base flow with a top-set wading rod and Swoffer model 2100 current velocity meter
(Swoffer Instruments, Seattle, Washington, U.S.A). During the experiment, the percent
overstory density was measured at each nutrient diffusing substrate array location with a
spherical crown densiometer (model-A, Forestry Suppliers, Jackson, Mississippi, U.S.A),
as described by Lemon (1956).
Fish and Invertebrate Collection
We caged individuals of a freshwater mussel, Eastern elliptio Elliptio complanata
(Lightfoot 1786), and larval sea lamprey (ammocoetes) that we sampled before and after
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carcass addition for analysis of nitrogen (δ 15N) and carbon (δ13C) isotopes. Ammocoetes
and Eastern elliptio were collected approximately 2 km downstream of our experimental
reach. Fifty ammocoetes were collected with backpack electrofishing and kept in aerated
buckets prior to caging. Fourty-two Eastern elliptio were collected by hand. We
observed no mortality during sampling and transport, and all individuals appeared to
recover after capture. Ammocoetes were caged in a 0.25 x 0.25 m crate lined with fine
screened mesh filled with fine sand obtained from adjacent areas in the stream. We
observed ammocoetes bury immediately into the sediment upon addition to each cage.
The tops of each cage were left open and were positioned in the stream so that the top
was slightly above water. Eastern elliptio were placed into submerged 0.25 m diameter
circular mesh pens. Half of the individuals of each species were placed at site 2, one of
the upstream reference sites, and the other half at site 9, downstream of all 120 carcasses
(Figure 2.1). We sampled ammocoetes nonselectively prior to carcass addition, then after
three weeks. Eastern elliptio were sampled nonselectively prior to carcass addition, then
after three and seven weeks. Macroinvertebrate samples representing several functional
feeding groups were collected with a kicknet prior to carcass addition, and then after
three and seven weeks at sites 1, 5, and 10 (Figure 2.1). Functional groups included
scrapers (Ephemeroptera: Heptageniidae), predators (Megaloptera: Corydalidae;
Plecoptera: Perlidae), and collector/gatherers (Trichoptera: Philopotamidae,
Hydropsychidae).
Samples of adult sea lamprey tissue were taken prior to carcass addition. After
euthanasia, a 1-cm2 section of muscle tissue was extracted from the left dorsolateral side
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of six individuals. All macroinvertebrate and fish samples were stored at -80o C until
sample preparation and stable isotope analysis.
Stable Isotopes Analysis
Stable isotope samples were prepared and analyzed at the University of New
Brunswick Stable Isotopes in Nature Laboratory. Whole bodies of insects and
ammocoetes, and the soft body component of Eastern elliptio extracted from the shell
were used for analyses. Macroinvertebrate gut contents were not removed, therefore
stable isotope values reflect the whole body and food recently ingested. Samples were
oven dried at 60o C for 24–48 h, and then ground into a fine powder with a mortar and
pestle. Approximately 0.5 mg of each macroinvertebrate, mussel, and fish was weighed
in tin capsules and combusted using a Costech 4010 Elemental Analyzer. Measurements
of δ13C and δ15N were performed using a Delta XP continuous flow isotope-ratio mass
spectrometer (CF-IRMS; Thermo-Finnigan; Bremen, Germany). Stable isotope values
were expressed in parts per thousand or permil (‰) and calculated as: δX =
([Rsample/Rstandard] – 1)·1000, where X is 13C or 15N, and R is the ratio of the heavy isotope
to the light isotope (R = 13C:12C or 15N:14N sensu Jardine et al. 2003). International
standards were used to calculate Rstandard values, which included Vienna Pee Dee
Belemnite for carbon and atmospheric air for nitrogen. Standard deviations of standard
samples and repeat samples were approximately 0.1 ‰ or less for δ13C and δ15N.
Statistical Analysis
We analyzed changes in chlorophyll a from nutrient diffusing substrates from the
single site carcass addition experiment (2013) using multi-factor analysis of variance
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(ANOVA). Residuals did not conform to a normal distribution (Shapiro-Wilk W test: p <
0.05; Zar 1999), therefore we applied a log transformation to chlorophyll a values, which
satisfied normality assumptions. We modeled chlorophyll a as a function of week,
nutrient treatment, and reach (treatment or reference) and all associated interactions.
Furthermore, we determined whether carcass subsidies significantly increased
chlorophyll a by modeling the chlorophyll a values of the control nutrient diffusers as a
function of week and reach. Main effects and interactions were deemed significant at p <
0.05.
We analyzed changes in chlorophyll a and stream water nutrient concentrations
from the multiple site carcass addition experiment (2014) using multi-factor ANOVA.
For each time period (i.e. week for chlorophyll a; day for stream water nutrients), we
averaged response values of the two reference sites (1, 2). We then subtracted mean
reference values from each of the remaining downstream sites (3–10) for that particular
time period. Residuals did not conform to a normal distribution (Shapiro-Wilk W test: p
< 0.05; Zar 1999). We added a constant integer to each value so that negative numbers
(i.e., treatments that were lower on average than the mean reference) were above zero.
The value of the constant integer was chosen so that the lowest value was raised slightly
above zero. Then, a log transformation was applied to the mean adjusted response (i.e.,
chlorophyll a, or stream nutrient concentration), which satisfied normality assumptions.
We modeled chlorophyll a as a function of site, week, nutrient treatment, and the
interaction of week and nutrient treatment. We modeled stream water nutrient
concentrations as a function of site and day. Time was treated as a factor in both models.
We conducted post-hoc pairwise tests for significant main effects.
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We did not measure stream or terrestrial environmental variables continuously
throughout the experiment, and could not include them in the multi-factor ANOVA
models. We conducted a separate linear regression to analyze mean chlorophyll a values
for each diffuser array (averaged across nutrient treatment and time) as a function of sitespecific local overstory density measured during the experiment.
Finally, we tested for spatial autocorrelation for chlorophyll a and stream nutrient
concentrations among all treatment sites using a Mantel test. Two distance matrices were
generated: one containing linear distances between each of the sites and another
containing distances between our chlorophyll a values or stream nutrient concentrations.
The Mantel test computed the correlation of the two distance matrices, then calculated
1000 permutations to generate a p-value; p-values less than 0.05 allowed us to reject the
null hypothesis that the spatial and response distances were unrelated (i.e., no
autocorrelation).
We determined stream nutrient limitations during the single site and multiple site
carcass addition experiments (2013 and 2014) from samples collected at the reference
sites using a multi-factor ANOVA.

We modeled chlorophyll a as a function of week

and the addition of nitrogen, phosphorus, nitrogen plus phosphorus, or no nutrient
addition (control). Significant main effects or interactions (p < 0.05) allowed us to infer
nutrient limitation or colimitation (Tank and Dodds 2003).
We analyzed mean stable isotope values (δ15N and δ13C) with multivariate
analysis of variance (MANOVA) with the Pillai’s trace test to test for spatial and
temporal differences in isotopic values among macroinvertebrate taxa, ammocoetes, and
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Eastern elliptio. We modeled the isotope values as a function of stream location and
week. Data were tested for multivariate normality with Mardia’s test (Mardia 1970), and
for homogeneity of covariance matrices with a Box M test. Among taxa, data were
multivariate normal, but did not meet the equal covariance assumption despite log
transformation. The Pillai’s trace test was selected because it is the most robust
multivariate analysis when the assumption of equal covariance (i.e., heteroscedasticity) is
not met (Johnson and Field 1993). Post-hoc multiple comparisons tests were conducted
for those taxa with significant stream location main effects (p < 0.05) to determine
differences in isotopic values between the reference site (Site 2) and two downstream
treatment sites (Sites 5, and 9). All analyses were performed with the statistical package
RStudio, (Version 0.99.491).
Results
Single Site Carcass Addition Experiment
Mean daily stream temperatures were 22.5 oC (± 0.25 SE) and ranged from 20.0–
26.6 oC. There were higher concentrations of chlorophyll a among all nutrient treatments
downstream of the carcasses compared to upstream (p < 0.001; Figure 2.2). Our multifactor ANOVA found differences among nutrient treatment by week, indicating that the
nutrient treatments responded differently among each sampling period from the addition
of sea lamprey carcasses (p = 0.038). This may be due to the N and N + P treatments
downstream of the carcasses, which exhibited a greater rate of change between the first
and second weeks and second and third weeks compared to the rates of change upstream
of the carcasses. Among control diffusers, our multi-factor ANOVA found chlorophyll
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a concentrations were 57–71% higher downstream of carcasses compared to the upstream
reference over three weeks (p < 0.05; Figure 2.2).
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Reach F=153.64, d.f.=1, p<0.001
Week F=184.82, d.f.=2, p<0.001
Nutrient F=18.50, d.f.=3, p<0.001
Week x Nutrient F=2.56, d.f.=6, p=0.04
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Figure 2.2. Nutrient limitations from nutrient diffusing substrates. Mean (± SE)
chlorophyll a concentrations from nutrient diffusing substrates among four nutrient
treatments over a three week period upstream and downstream of sea lamprey carcass
addition in Sedgeunkedunk Stream, Maine, 2013. F and P statistics are presented for a
model testing for the effects of reach, week, and nutrient treatment (see text for
explanation).

Multiple Site Carcass Addition Experiment
The ten sites in our experimental reach were similar in physico-chemical stream
habitat variables characteristic of a 3rd order stream (Table 2.1). However, forest
overstory density varied among all ten sites. We estimated relatively higher overstory
density among sites 3–6, and 9, and relatively lower overstory density among the other
sites (Table 2.1). Our Mantel tests suggested spatial autocorrelation in that chlorophyll a,
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ammonium, and nitrate concentrations may have been influenced by adjacent sites
(p < 0.05).

Table 2.1. Stream habitat variables. Stream width and mean (± SE) total depth and water
velocity along cross-sectional transects at each site and mean (± SE) percent overstory
density among three nutrient diffusing substrate arrays placed at each site at base flow
prior to the addition of sea lamprey carcasses.

Site
1
2
3
4
5
6
7
8
9
10
Average

Stream width
(m)
7.5
8.0
7.2
5.3
4.8
6.6
7.9
6.8
7.8
5.4
6.7

Average depth
(m)
0.20 (0.01)
0.20 (0.02)
0.23 (0.06)
0.23 (0.02)
0.23 (0.04)
0.27 (0.03)
0.22 (0.01)
0.24 (0.07)
0.24 (0.03)
0.21 (0.03)
0.23

Average
velocity (ms-1)
0.35 (0.15)
0.27 (0.07)
0.30 (0.10)
0.46 (0.10)
0.34 (0.09)
0.23 (0.02)
0.38 (0.14)
0.33 (0.03)
0.21 (0.04)
0.35 (0.13)
0.32

Overstory
density (%)
77.8 (9.2)
67.1 (8.7)
83.7 (0.7)
87.5 (0.6)
94.1 (0.9)
92.7 (2.4)
75.0 (8.8)
66.7 (5.2)
91.0 (1.5)
72.6 (5.0)
80.8

Daily stream temperature during the course of the experiment averaged 24.2 oC
(± 0.42 SE), and ranged 17.6–29.0 oC. During the first week of our experiment, stream
temperatures increased approximately 6 oC. During the second week of our experiment,
a spate from hurricane Arthur passed through the watershed and our experimental reach.
This reduced stream temperatures by an average of 8.0 oC, and increased mean stream
velocities throughout the reach from 0.18 ms-1 (± 0.02 SE; baseflow) before the spate to
0.60 ms-1 (± 0.02 SE) after the spate. Temperatures were relatively constant during the
third week; however the stream remained above base flow conditions for the remainder
of the experiment.
We observed changes in stream nutrients during the course of our experiment.
The multi-factor ANOVA identified differences in concentrations of all three nutrients
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across the sampling period (p < 0.001; Figure 2.3). We found differences in ammonium
concentrations among sites (p < 0.001), but did not observe similar trends among nitrate
or total soluble phosphorus. Stream ammonium concentrations at sites downstream of
the carcasses increased from days 1–3 compared to the upstream reference sites (Figure
2.3; left panel). We selected days 2–4 to depict representative nutrient patterns along all
ten sites as during this time we expected carcasses to liberate high concentrations of
nutrients (Figure 2.3; right panel; Weaver et al. 2015). During days 2–4 the
concentrations of ammonium in stream water appeared to increase linearly downstream,
with the exception of site 8. This trend becomes absent by day 8 as concentrations
appear similar among sites, coincidental with increased flows and runoff associated with
the spate. For comparison, we observed no directional trends in nitrate or total soluble
phosphorus concentrations during days 2–4 (Figure 2.3).
Chlorophyll a concentrations from nutrient diffusing substrates at sites 3–6 and 9
were lower than the average concentrations of the reference sites, while concentrations at
sites 7–8 and 10 were higher than the average of the reference sites (Figure 2.4). Results
from our multi-factor ANOVA show differences among all factors including site, week,
nutrient treatment, and the interaction between week and nutrient (p < 0.05; Figure 2.4).
The post-hoc test on the factor “site” revealed sites 3–6, and 9 were different than sites 7,
8, and 10 for all weeks and nutrient treatments. In parallel with these trends, we found
that sites 3–6, and 9 also had 20% higher overstory density than the other sites (Table
2.1). Chlorophyll a concentrations and percent overstory density among the nutrient
diffusing substrate arrays were functionally related (p < 0.05). Percent overstory density

36

explained 23% of the variation in chlorophyll a concentrations, and generally we
observed lower concentrations at sites with higher overstory density (Table 2.1).
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Figure 2.3. Stream nutrient concentrations. Mean (± SE) ammonium (a), nitrate (b), and
total soluble phosphorus (c) stream water concentrations over a two week period among
the average of the upstream reference sites (1,2) , two mid-reach sites (5,6), and the two
lower most downstream sites (9,10; left panels), and during days 2–4 among all sites
(right panels) following sea lamprey carcass addition in Sedgeunkedunk Stream, Maine,
2014. Time zero indicates samples taken before the addition of carcasses. The y-axis
scales differ among nutrients. F and P statistics are presented for a multi-factor ANOVA
model testing for the effects of site and day (see text and Figure 2.1 for site locations and
descriptions).
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Figure 2.4. Chlorophyll from experimental sea lamprey carcass addition. Mean (± SE)
chlorophyll a concentrations following sea lamprey carcass addition among sites
downstream of carcasses adjusted for average chlorophyll a concentrations from
upstream reference sites from nutrient diffusing substrates among four nutrient treatments
over three weeks (a–c) in Sedgeunkedunk Stream, Maine, 2014. F and P statistics are
presented for a multi-factor ANOVA model testing for the effects of site, week, and
nutrient treatment (see text and Figure 2.1 for site locations and descriptions).
Our multi-factor ANOVA showed significant main effects of nitrogen and
phosphorus on chlorophyll a in our reference sites for both carcass addition experiments
(p < 0.05). These results suggest nitrogen and phosphorus colimitation during our
experiments (Tank and Dodds 2003). Generally, samples from the N+P treatment had
the highest chlorophyll a concentrations (Figure 2.2, 2.4).
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Adult sea lamprey used in this experiment provided an enriched isotopic signal
for 15N and 13C (mean ± SE; δ15N = 12.16 ± 0.22; δ13C = -17.96 ± 0.19) relative to the
freshwater macroinvertebrates, ammocoetes, and Eastern elliptio sampled. We found that
differences in stable isotope values varied among taxa attributed to subsidies delivered by
carcasses as well as temporal changes in isotopic enrichment not related to the subsidies
(Table 2.2; Figure 2.5). We observed significant isotope enrichment, primarily δ 13C, in
all macroinvertebrate taxa over the three week period (Time main effect: p < 0.05; Table
2.2). Among Heptageniidae, Hydropsychidae, and Perlidae, we observed greater
enrichment in stable isotope values in the treatment sites relative to the reference site
(Site main effect: p < 0.05; Table 2.2; Figure 2.5). There was a significant time by site
interaction among Heptageniidae, suggesting that the magnitude of the treatment effect
changed over time. We observed enrichment in 13C among ammocoetes, however we
found no differences among reference or treatment sites. Among Eastern elliptio, we
observed depletion in both isotopes during the course of the experiment.
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Table 2.2. Statistics from stable isotopes analysis. Pillai’s trace, F, and P statistics from
MANOVA results for macroinvertebrate taxa, E. complanata, and P. marinus
ammocoetes treating δ15N and δ13C as dependent variables in the model. Bolded values
indicate significant main effects or interactions at p <0.05.
Heptageniidae
Time
Site
Interaction
Hydropsychidae
Time
Site
Interaction
Philoptamidae
Time
Site
Interaction
Perlidae
Time
Site
Interaction
Corydalidae
Time
Site
Interaction
E. complanata
Time
Site
Interaction
P. marinus
Time
Site
Interaction

Pillai’s trace

d.f.

F

P

1.256
0.551
0.730

4,60
4,60
8,60

25.3
5.7
4.3

<0.001
<0.001
<0.001

0.766
0.407
0.138

4,60
4,60
8,60

9.3
3.8
0.6

<0.001
0.007
0.810

0.968
0.134
0.289

4,58
4,58
8,58

13.6
1.0
1.2

<0.001
0.394
0.301

0.716
0.410
0.233

4,58
4,58
8,58

8.1
3.7
1.0

<0.001
0.009
0.478

0.172
0.105
0.108

4,50
4,50
8,50

1.2
0.7
0.4

0.332
0.601
0.939

0.847
0.087
0.053

4,64
2,31
4,64

11.8
1.5
0.4

<0.001
0.244
0.782

0.100
0.198
0.180

2,19
2,19
2,19

1.1
2.4
2.1

0.368
0.122
0.152
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Figure 2.5. Stable isotope values among organisms. Mean (± SE) δ15N and δ13C isotope
values among six macroinvertebrate taxa and P. marinus ammocoetes before carcass
addition (white), and at weeks 3 (gray) and 7 (black) after carcass addition on
Sedgeunkedunk Stream, Maine, 2014. The triangle symbol corresponds to site 2
(reference), the circle to site 5 (mid-reach), and the square to site 9 (downstream). The
hexagon in the upper right hand corner of each plot is the stable isotope signature of adult
sea lamprey carcasses used in this experiment (mean ± SE δ15N = 12.16 ± 0.22; δ13C = 17.96 ± 0.19). The x- and y-axis scales differ among taxa.
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Discussion
We sought to quantify the spatiotemporal effects of sea lamprey carcass subsidies
in an Atlantic coastal stream food web. We observed immediate downstream increases in
primary productivity from carcass subsidies. With the addition of carcass subsidies at
multiple sites we observed varying responses of stream nutrients and reduced or
increased algal biomass compared to reference values. Overstory canopy density
partially contributed to the patterns we observed. The differences we found among sites
may have reflected variability associated with other environmental variables that we did
not measure. We observed stable isotope enrichment among a limited group of stream
consumers but did not observe increased enrichment from multiple-site carcass addition.
Thus, nutrient subsidies from sea lamprey carcasses evoke largely short-term localized
effects limited to areas adjacent to the carcasses as demonstrated by Pacific salmon
(Claeson et al. 2006). Furthermore, we suggest that the pathways by which nutrients are
assimilated in food webs may be coupled to stream environmental variables, adjacent
terrestrial systems, and flow disturbances that may alter subsidy delivery and community
structure (Fisher et al. 1982; Power et al. 1988; Chaloner et al. 2004).
During our multiple-site carcass addition experiment we found spatial
autocorrelation among chlorophyll a, ammonium, and nitrate concentrations. Sites that
were closer to each other had more similar concentrations that those farther apart. The
presence of spatial autocorrelation may violate the assumption of independently and
identically distributed residuals, which may inflate the type I error rate, or the incorrect
rejection of a true null hypothesis (Legendre 1993). Therefore we must use some caution
when interpreting our ANOVA results. Our results suggest that chlorophyll a
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concentrations were, in part, driven by canopy cover. Thus, riparian vegetation at one
site may also have influenced an adjacent site. Among stream nutrient concentrations we
might expect spatial autocorrelation as only a small portion of nutrients liberated from
carcasses may be taken up and utilized by local stream organisms while the remainder
flows downstream.
The quantitative input of nutrient subsidies to recipient systems may not
correspond to concurrent responses in consumer biomass. The spatial pattern of
ammonium concentrations increased from upstream to downstream (Figure 2.3; right
panel). However, the spatial pattern of algal biomass is partly reflective of canopy cover
and light availability (Table 2.1; Figure 2.4). A delivered pulse of nutrient subsidies may
initially stimulate consumer biomass in recipient systems. A larger pulse of subsidies,
however, may not elicit correspondingly larger effects. Consumer biomass may
asymptote as organisms are constrained by assimilation efficiency, limited by another
nutrient or resource (e.g., phosphorus), or, as our results suggest, influenced by
environmental variables and habitat heterogeneity.
We found primary productivity was co-limited by nitrogen and phosphorus in
Sedgeunkedunk Stream during both experiments. Other studies have generally
concluded that temperate Eastern streams are phosphorus limited (Peterson et al. 1983;
Newbold et al. 1983; Pringle and Bowers 1984), although see Norris (2012), while
temperate Western streams are nitrogen limited (Grimm and Fisher 1986; Hill and Knight
1988; Tank and Dodds 2003). Productivity can vary across climatic and geologic regions
(Minshall 1978), which may explain nutrient limitations and the role that nutrient
subsidies play in alleviating those limitations. The stoichiometric ratios of nutrient
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subsidies (e.g., N:P) may elicit varying effects on the food webs of nutrient limited
systems (Elser et al. 1996). Sea lamprey carcasses have N:P ratios that range 20:1–22:1
(Weaver et al. 2015). Therefore, sea lamprey carcass subsidies may serve to alleviate
nutrient limitations in Atlantic coastal streams during the spring. The pre-spawn
carcasses we used in our experiments likely contain more energy and nutrients (e.g.,
gametes) than post-spawn carcasses, as previously demonstrated with Pink salmon
(Oncorhynchus gorbuscha; Gende et al. 2004). Thus the pre-spawn carcasses we used
may have amplified concentrations of dissolved nutrients and corresponding effects on
food webs.
Disturbance can influence food web structure (Sousa 1984; Ledger et al. 2008).
High flows associated with a spate during 2014 may have influenced nutrient subsidy
dynamics and food webs. In 2014 we observed flows three times greater than base flow
conditions and high turbidity conditions associated with the spate. High flow disturbance
events may have scoured periphyton from our nutrient diffusing substrates, and reduced
light availability to primary producers through swifter turbid flowing waters, which likely
suppressed algal biomass (Power et al. 1988; Grimm and Fisher 1989; Hall et al. 2015).
Furthermore, elevated stream flows likely accelerated carcass breakdown and nutrient
liberation to a time period shorter than a few weeks (Weaver et al. 2015). Our carcasses
were caged to discourage scavengers and promote retention within the experimental
reach rather than allow downstream displacement, which would likely happen in a natural
environment (Gende et al. 2004; Williams et al. 2010). Thus, high flow disturbances may
influence the balance between nutrient retention and transport; during high flows,
transport is favored (Meyer and Likens 1979; Doyle 2005; Hall et al. 2009).
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The patterns of algal biomass we observed may exemplify the coupled
relationship of streams and adjacent terrestrial systems. Sea lamprey migrate in the
spring when tree canopies have just begun to fill. These fish subsequently die in late
spring and early summer when canopies are completely full. Primary producers face
seasonal shifts in light and nutrient limitations, while consumers face increased metabolic
demands from rising water temperatures (Hall 1972; Hill et al. 2001). Stream organisms
may depend upon the seasonal arrival of these nutrient subsidies. The temporal
differences in executing our experiments (i.e., July 2013 versus June 2014) may have
resulted in disparate food web responses, however environmental conditions such as
temperature, canopy cover, and nutrient limitation were similar between experiments, but
this was not tested.
Similar to other studies, we observed reduced primary productivity among sites
with relatively high percentages of overstory density (Lowe et al. 1986; Hill and Knight
1988; Table 2.1; Figure 2.4). The arrival of pulsed subsidies from sea lamprey may
alleviate nutrient limitations among primary producers thereby strengthening bottom-up
effects (Lamberti 1996). Conversely, areas constrained by light limitations may have
lower primary production and consumers receive the subsidy directly (Kiernan et al.
2010; Rosemond et al. 1993). Thus, nutrient subsidies may influence stream food webs
disparately and depend largely upon deterministic seasonal processes, and environmental
characteristics of streams and adjacent riparian habitats (Chaloner et al. 2004).
We observed macroinvertebrates assimilate nutrients from sea lamprey carcasses,
as demonstrated similarly with Pacific salmon carcasses (Claeson et al. 2006), and
carcass analogs (Guyette et al. 2014). Nutrient subsidy assimilation among
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macroinvertebrates varied, likely due to differences among the functional feeding groups
(Cummins 1974). Perlidae and Hydropsychidae, a predator and collector-gatherer
respectively, may have fed directly on sea lamprey tissue, while Heptageniidae, a scraper,
may have assimilated nutrients from biofilms enriched by nutrient subsidies. Sea
lamprey nutrient subsidies may be important to heptageniid mayflies during increased
photoperiod and rising temperatures, which facilitate algal growth. Conversely, Lessard
and Merritt (2006) found nutrient subsidies from fall spawning salmon did not benefit
heptageniid mayflies during periods of increased flows, and declining photoperiod and
temperature, which reduce algal growth. We observed no assimilation in Corydalidae
and Philopotamidae, a predator and collector-gatherer, respectively. Therefore the
assimilation of nutrient subsidies was not equivalent across the functional feeding groups.
Furthermore, the response of stream organisms to nutrient subsidies may need to be
placed in the context of subsidy arrival (i.e. fish phenology) and seasonally-variable
environmental conditions.
Ammocoetes and Eastern elliptio are both filter feeders, and may assimilate
nutrients from decomposing sea lamprey carcass tissue as detritus. However, we detected
no enrichment in ammocoetes or Eastern elliptio attributed to experimental carcass
subsidies. Conversely Eastern elliptio demonstrated isotope depletion during the
experiment. We did not conduct preliminary experiments to determine the effects of
caging on these two species, therefore we cannot conclude whether the cage affected their
behavior or if these species do not utilize carcass subsidies. Ammocoetes reside in silt
beds and areas of slow-moving water within rivers and streams adjacent to suitable adult
spawning habitat (Potter 1980) and thus it is plausible that they assimilate subsidies from
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adult carcasses or subsidy-enriched diatoms (Moore and Beamish 1973). In addition,
ammocoetes reside in streams for up to eight years (Beamish 1980), and may have
multiple opportunities to assimilate carcass subsidies delivered to recipient streams
precluding assimilation by other freshwater consumers.
Migrating fish serve as vectors of energy and nutrients among ecosystems.
Many populations have declined due to pervasive damming, habitat loss, and overfishing
(Saunders et al. 2006; Limburg and Waldman 2009; Hall et al. 2011) which have reduced
the delivery of subsidies to resource limited ecosystems (Polis et al. 2004). Dam removal
will facilitate anadromous fish passage and restore linkages between marine and
freshwater ecosystems (Hall et al. 2011; Penobscot River Restoration Trust 2015). Our
results suggest that nutrient subsidies demonstrate local and variable responses that may
be influenced by finer scale habitat variables. The removal of barriers facilitates the
movement of spawning adults into the upper reaches of streams and watersheds (Gardner
et al. 2012; Hogg et al. 2013). Therefore, carcass subsidies may evoke varying effects on
food webs influenced by local habitat and land-use characteristics.
Pulsed nutrient subsidies from anadromous sea lamprey may be important for
Atlantic coastal waters. The pathways by which subsidies are utilized may depend on the
environmental characteristics of the recipient system. We suggest that effects from sea
lamprey nutrient subsidies are relatively localized to areas adjacent to carcasses and
further influenced by multiple deterministic and stochastic mechanisms. Our research
adds to a growing body of knowledge that characterizes the fate and efficacy of crossecosystem subsidies.
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CHAPTER 3
THE TERRESTRIAL ECOSYSTEM ALTERS SEA LAMPREY SUBSIDIES
BETWEEN MARINE AND FRESHWATERS
Abstract
Resource flows across ecosystem boundaries can subsidize recipient communities
and influence bottom-up and top-down processes in food webs. Migratory fish such as
anadromous sea lamprey provide a pulse of marine-derived resources to Atlantic coastal
streams during the spring when producers and consumers would otherwise be subject to
limiting resources. We conducted manipulative field experiments to determine the role
of these sea lamprey subsidies in stream food web dynamics. Sea lamprey carcasses
additions stimulated bottom-up trophic dynamics by alleviating nutrient limitations on
algae growth. However, responses in producer and decomposer biomass depended upon
the quantity of the subsidy and light limitation from shading by adjacent terrestrial
systems. Lamprey subsidies were captured by higher trophic levels, as evidenced by
larval sea lamprey assimilating carcass-derived nutrients over a four-week period. This
suggests that a portion of these subsidies serve as a reciprocal exchange between
freshwaters and oceans. Our work highlights the interactions between three ecosystems
and suggests that cross-ecosystem linkages are mediated by both subsidy quantity from
donor systems and the environmental characteristics from recipient systems.
Introduction
Resource flows from donor ecosystems subsidize recipient ecosystem
productivity and therefore drive the structure and function of communities (Polis et al.
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1997; Anderson et al. 2008; Bartels et al. 2012; Richardson and Sato 2015). For
example, islands are subsidized from surrounding oceans (Polis and Hurd 1996;
Anderson and Polis 1999; Farina et al. 2003), reciprocal exchanges occur between
temperate forests and headwater streams (Fisher and Likens 1973; Richardson et al.
2010), and distant marine ecosystems influence coastal estuaries and inland freshwaters
(Lamberti et al. 2010; Harding and Reynolds 2014). These examples highlight crossecosystem connections between two ecosystems, but more complex ecosystem
interactions are rarely characterized.
Multiple ecosystems connected through the reciprocal exchange subsidies are
known as meta-ecosystems (Loreau and Holt 2004). Ecosystems within a metaecosystem may not be connected in space, therefore unexpected dynamics can occur
between otherwise separate ecosystems, such as source/sink dynamics (Gravel et al.
2010). Source/sink dynamics occur across large spatial scales when one ecosystems is
disproportionately “donating” resources to the distantly connected ecosystem, disrupting
reciprocal subsidy exchange, thereby altering food-web dynamics (Leroux and Loreau
2012). Most mathematical models on dynamics within meta-ecosystems only consider
the connection between two ecosystems. What happens when a third ecosystem is
connected by, and alter the dynamics of, subsidies within a meta-ecosystem?
A likely connector of ecosystems across large spatial scales is the transfer of
nutrients via migratory animals. For example birds translocate nutrients to wetlands and
whales move nutrients from equatorial to Arctic oceans (Doughty et al. 2016). Migratory
fish also serve as a predictable cross-ecosystem source of energy and nutrients,
representing a functional link across marine, upland freshwater, and terrestrial system
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boundaries (Gende et al. 2002; Naiman et al. 2002; Flecker et al. 2010). Pacific salmon
(Oncorhynchus spp.), influence upland-freshwater ecosystems, by increasing dissolved
nutrients, biofilm and growth rates of resident fish (Janetski et al. 2009). The salmon,
moved by large terrestrial carnivores, can subsidize terrestrial ecosystems, effecting
terrestrial plants and invertebrates (Hocking and Reimchen 2002; Hocking and Reynolds
2011). Migratory fish, through the connection of marine, freshwater, and terrestrial
ecosystems, can therefore create complex feedbacks and food-web interactions across
large spatial scales (Helfield and Naiman 2001; Wilzbach et al. 2005).
We studied meta-ecosystem food-web dynamics among primary producer,
decomposer, and consumer pathways in stream ecosystems by manipulating marine
subsidies of sea lamprey Petromyzon marinus carcasses. Anadromous sea lamprey are
native to North America and provide a marine-derived nutrient subsidy to Atlantic coastal
rivers and streams (Nislow and Kynard 2009; Weaver et al. 2015; 2016) after spending
1–2 years in the ocean feeding on pelagic fish and mammals as a top parasitic predator
(Silva et al. 2014; Beamish 1980; Figure 3.1). This occurs in the spring, when terrestrial
organic matter remaining from the fall has declined in quality (nutrient concentration)
and quantity in streams (Petersen and Cummins 1974; Suberkropp et al. 1976). Producer
and consumer productivity is constrained through N, P and C limitations (Tank and
Webster 1998; Elser et al. 2007) as light limitations increase through shading as trees
leaf-out (Hill et al. 1995; Fig. 1). Larval sea lamprey, which spend 6–8 years in
freshwaters occupying a relatively low trophic position in stream food webs as filter
feeding detritivores (Sutton and Bowen 1994), likely consume and benefit from carcass
detritus. Thus, the spring timing of subsidies to freshwater streams from sea lamprey
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may increase the terrestrial influence on the meta-ecosystem, impacting stream food
webs. Furthermore, sea lamprey subsidies may serve as a reciprocal freshwater to marine
resource flux among larval conspecifics and other fish that subsequently out migrate to
the ocean (Figure 3.1).
We conducted field experiments to examine how terrestrial ecosystems alter the
influence of fluxes of anadromous sea lamprey within a terrestrial/marine/freshwater
meta-ecosystem. We hypothesize that sea lamprey carcass subsidies provide a resource
flux to recipient streams that may be further influenced by adjacent forest systems
through light attenuation. In addition, we predict that nutrient subsidies from adult
carcasses influence reciprocal freshwater to marine subsidies through assimilation by
larval conspecifics that will eventually migrate to the ocean. Specifically, our objectives
were to characterize: (1) changes in algal and fungal biomass driven by subsidies
provided by experimental addition of sea lamprey carcasses; (2) the influence of adjacent
terrestrial systems in terms of canopy cover (i.e., contrasting solar radiation) on biofilm
responses to subsidies; and (3) assimilation of nutrient subsidies from adult sea lamprey
by larval conspecifics.
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Figure. 3.1. Conceptual cross-ecosystem flow of energy and nutrients. Diagram
depicting sea lamprey life cycle and resource flux linking marine, freshwater and
terrestrial ecosystems. (1) migration during the spring into freshwaters, (2) postspawning carcass nutrients in freshwaters, (3) larvae growth in freshwaters, (4) the role of
light and terrestrial ecosystems influencing food web processes, (5) juvenile migration
back to the ocean, and (6) juvenile parasitism of marine fish and other vertebrates.
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Materials and Methods
Study Area
We conducted carcass addition experiments during the summer of 2015 and 2016
in Kenduskeag and Great Works and Streams, tributaries to the Penobscot River, Maine,
located at river kilometer (rkm) 40 and 59, respectively. Historically, Kenduskeag
Stream has had uninterrupted connectivity to the Penobscot River and Atlantic Ocean
whereas Great Works Stream has recently re-established connectivity with the removal of
two main-stem Penobscot River dams (Great Works Dam in 2012 and Veazie Dam in
2013; see Opperman et al., 2011).
Experimental Design
In 2015 we selected two 300 m study reaches in Great Works Stream to examine
changes in food webs from a gradient of increasing carcass nutrient subsidies. We
observed no spawning sea lamprey or spent carcasses at either reach. One reach
contained a mix of mature deciduous and coniferous trees that contributed to stream
shading (i.e., “closed canopy”), while the other reach was open and generally lacked
large riparian trees (i.e., “open canopy”). The closed canopy reach was approximately 1
km upstream of the open canopy reach. Within each reach we delineated four crosssectional transects located at a riffle-run habitat sequence to serve as replicates for
carcass addition treatments.
We collected pre-spawn sea lamprey from the Penobscot River (at Milford Dam,
rkm 61) during spring migration. All collected fish were sacrificed according to IACUC
protocols, measured for mass (± 0.1 g) and total length (± 1 mm), then stored frozen at 53

10 oC until experimental addition. Along each of the four cross-sectional transect we
randomly assigned points at 2-m width intervals to receive one of the following carcass
treatments: 0, 1, 3, or 6 carcasses. Carcasses were placed in 2-cm polyethylene mesh
bags and secured to the stream with steel wire mesh and rebar to discourage scavenging.
The average individual carcass mass was 0.69 kg (± 0.014 SE), and the total carcass mass
added to each reach was equivalent (~27 kg). Carcasses were deployed on 30 June, 2015.
In 2016, we wanted to examine the responses to greater additions of carcasses.
We conducted this experiment in the same open and closed canopy reaches, but selected
different transects from those used in 2015 in order to accommodate a modified design.
We delineated six transects in each reach. The upstream reach received no carcasses, and
subsequent downstream transects were separated by 25 m, receiving 3, 6, 12, 24, or 48
carcasses in that order. Carcasses were bagged and secured to the as described above.
The average individual carcass mass was 0.82 kg (± 0.053 SE) and total carcass mass
added to both reaches was equivalent (~73 kg). Carcasses were deployed in the stream on
16 June 2016.
The numbers of carcasses used among treatments represent ecologically realistic
densities that may be deposited after spawning (Nislow and Kynard 2009; Hogg et al.
2013). In a previous study, Weaver et al. (2016) demonstrated carcass decay exhibit
relatively localized effects. Therefore, during both experiments, we assumed carcass
effects at one transect would not measurably impact subsequent downstream transects.
We also experimentally added carcasses just after natural spawning to avoid any
potentially confounding effects from undetected spawners.
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In 2015, a light and temperature logger (Onset, Hobo Pendant UA-002-08, Cape
Cod, Massachusetts, U.S.A) was placed in the mid-channel of each transect (n = 8), while
in 2016, loggers were placed at each location receiving carcasses (n = 12). Loggers
recorded temperature and relative light intensity (lux) at 10-min intervals.
Algal and Fungal Biomass Assays
During both experiments, we deployed substrate arrays to measure changes in
algal and fungal biomass from the addition of sea lamprey carcasses as well as nutrient
limitations to algal and fungal biomass accrual using the methods described in Tank and
Webster (1998) and Tank et al. (2006). We glued 1.9 cm threaded polyvinyl chloride
(PVC) caps to 24 x 10 cm PVC boards. To measure epilithic algal biomass (i.e., algae
grown on inorganic substrates), we topped the threaded caps with 2.5 cm diameter, 0.7
µm glass microfiber filters (hereafter “filters”; GE Healthcare Life Sciences,
Marlborough, Massachusetts, U.S.A.). We bored a hole through 2.5 cm polypropylene
screw-cap bottles, which were fastened over the filters and secured them to the PVC
boards. To measure fungal biomass and epixylic algal biomass (i.e., algae grown on
organic substrates), we cable-tied sterilized, untreated 15.0 x 1.6 cm birch (Betula sp.)
popsicle sticks (hereafter “sticks”) to 15 x 15 cm sheets of plastic mesh. Filter and stick
arrays were cable-tied to cement blocks and deployed in riffle habitats of similar flow and
depth immediately downstream of each carcass treatment. We measured epilithic algal
and fungal biomass in 2015 and epilithic and epixylic algal and fungal biomass in 2016.
During both experiments, upstream of all transects at each reach, we deployed
nutrient diffusing substrates to assess nutrient limitations for algal and fungal biomass
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(see methods in Tank et al. 2006). Diffusers were topped with filters or birch veneer
discs (hereafter “discs”). Nutrient diffusing substrates were deployed concurrently with
carcass addition and filter and stick arrays.
We sampled three to five replicates of filters, sticks, and nutrient diffusing
substrates from each array at one, two, and three weeks after carcass addition, bracketing
the time when the majority of carcass tissue decomposes and liberates nutrients (Weaver
et al. 2015). Filters and discs from nutrient diffusing substrates were removed from
threaded caps with forceps, placed into polyethylene tubes, and transported on ice in the
dark. Sticks were lifted out of the water, placed in a labeled plastic bag filled with stream
water, and kept on ice in the dark. In the laboratory, discs and sticks (4-cm long cut
sections) were placed in 15 mL centrifuge tubes with 5.0 mL of high-performance liquid
chromatography (HPLC) grade methanol. All filters, sticks, and discs were stored at -10
o

C until processed.

Laboratory Analysis
Algal biomass was estimated from extracted chlorophyll a from sampled filters,
sticks, and discs. Filters were homogenized by hand with 90% acetone solution and a
mortar and pestle. Sticks and discs were agitated in 90% acetone by hand for one minute.
Extracted samples were analyzed for chlorophyll a, corrected for pheophytin with
spectrophotometry (Strickland and Parsons 1972; APHA 1999) via a Thermo Scientific
Genesys 10S spectrophotometer (Thermo Fisher Scientific, Marietta, OH, USA).
Fungal biomass was estimated from ergosterol extracted from sampled sticks and
discs as described by Tank and Webster (1998). We quantified ergosterol using a HPLC
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system configured with a Kinetex (phenomenex) C18 4.6 x 250 mm column using a
methanol solvent at a flow rate of 2 mL/min, 25 µL injection, 282 nm wavelength, and a
5 minute retention time. Ergosterol standards (0, 1, 2.5, 5, 10, 20, 40, 80, 100, and 200
µg/mL) were run periodically throughout analyses. Absorbance values of samples were
converted to ergosterol concentrations using multi-point standard calibration linear
regression (R2 > 0.99; p < 0.05). Fungal biomass was calculated using a conversion
factor of 6 mg ergosterol/g fungal biomass (Tank and Webster 1998).
Larval Sea Lamprey Nutrient Assimilation
We identified adult carcass nutrient assimilation by larval conspecifics. Three 1 x
1 m sites were delineated in Kenduskeag Stream during 2015: one upstream reference
and two downstream treatment sites across a 600 m reach. Sites were chosen based on
suitable larval habitat characteristics, consisting of slow moving water and fine substrate
(Hardisty and Potter 1971). Larval sea lamprey were collected from adjacent habitats
with a backpack electrofisher and dipnet. Fish were allowed to recover in an aerated
bucket with frequent water changes before being assigned randomly to one of the three
sites. A portion of individuals assigned to each site was sacrificed (n = 4) representing a
sample taken before carcass addition, while the remaining individuals were released
evenly among sites. We observed released individuals bury into the substrate
immediately upon release. At the two treatment sites we caged and staked 5 sea lamprey
carcasses within the 1 x 1 m area. We sampled 5–9 larvae at each site after 2, 4, and 10
weeks. Individuals were sacrificed according to approved IACUC protocols.
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Samples of adult sea lamprey tissue were taken prior to carcass addition for
analysis. After sacrifice, a 1-cm3 section of muscle tissue was removed from the left
dorsolateral side of 5 individuals. All samples were stored at -80 oC until sample
preparation and analysis.
Stable Isotopes Analysis
Whole bodies of larval sea lamprey and adult sea lamprey tissue were prepared
and analyzed at the University of New Brunswick Stable Isotopes in Nature Laboratory.
Samples were dried at 60 oC for 24–48 h and then ground into a fine powder with a
mortar and pestle. Approximately 0.5 mg of each sample was measured and placed into
tin capsules and combusted using a Carlo-Erba NA1500 Elemental Analyzer.
Measurements of δ13C and δ15N were performed using a Delta XP continuous flow
isotope-ratio mass spectrometer (CF-IRMS, Thermo-Finnigan, Bremen, Germany).
Stable isotope values were expressed in parts per thousand or permil (‰) and calculated
as δX = ([Rsample/Rstandard] – 1) x 1000, where X is 13C or 15N, and R is the ratio of the
heavy isotope to the light isotope (R = 13C:12C or 15N:14N sensu Jardine et al. 2003).
International standards were used to calculate Rstandard values, which included Vienna Pee
Dee Belemnite for carbon and atmospheric air for nitrogen. Standard deviations of
standard samples and repeat samples were approximately 0.1 ‰ or less for δ13C and
δ15N.
Statistical Analyses
We characterized stream nutrient limitations during both experiments from filters
and birch discs using a multi-factor analysis of variance (ANOVA). We modeled
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epilithic and epixylic algal biomass, and fungal biomass as a function of week and
nutrient treatment (nitrogen, phosphorus, nitrogen and phosphorus, or none). Significant
main effects or interactions among nutrients (p < 0.05) were interpreted as nutrient
limitations or co-limitation (Tank et al. 2006).
We analyzed algal and fungal biomass from sampled filters and sticks of our
replicated carcass addition experiment (2015) using linear mixed effects analysis of
covariance (ANCOVA) models with carcass treatment and canopy cover as fixed effects,
and the random effect of treatment replicates (N = 4) nested within sampling periods (N =
3). We analyzed epilithic algal biomass from samples of our un-replicated carcass
addition experiment (2016) using a linear mixed-effects ANCOVA with carcass
treatment and canopy cover as fixed effects, and sampling week as the random effect.
Epixylic algal biomass and fungal biomass were analyzed similarly, however because
those organisms were derived from wood substrates and may potentially interact, we
added the corresponding biomass response variable as a covariate to each of those models
(e.g., fungi and epixylic algae). In all mixed-effects models we included carcass
treatment as a continuous variable and assumed a linear relationship between each
response variable over increasing carcass treatment.
We conducted separate linear regression analyses to assess correlations between
algal biomass and light intensity across both experiments. We modeled epilithic algal
biomass (2015 and 2016) and epixylic algal biomass (2016 only) as a function of light
intensity. Finally, we analyzed stable isotope values (δ 15N and δ13C) with MANOVA
and the Pillai’s trace test to assess treatment (with or without carcasses) and temporal
differences in isotopic values among ammocoetes. We modeled the isotope values as
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functions of site and week. We conducted post-hoc tests on significant main effects of
the univariate tests of δ13C and δ15N separately.
For all statistical tests we applied log transformations to the response variables to
satisfy assumptions of normality and multivariate normality and we set alpha at 0.05. All
mixed-effects model analyses were performed with the "lme" function in the "nlme"
package (Pinheiro 2017), and all other statistical analyses were performed with built-in
functions using R (R Development Core Team 2016).
Results
Stream temperatures and relative differences in light intensity among open and
closed canopy reaches were consistent between experiments. Average stream
temperatures ranged from 22.1–22.3 oC, and 21.7–21.9 oC over the course of the
experiments in 2015 and 2016 respectively. The closed canopy site received more than
3-fold less light intensity than the open canopy site. The average daily (24 h) light
intensity in the closed canopy reach was 3,814 lux (± 747 SE) and 4,560 lux (± 944 SE)
and the average light intensity in the open canopy reach was 18,848 lux (± 3,000 SE) and
15,722 lux (± 1,419 SE) for 2015 and 2016 respectively.
Algal and Fungal Nutrient Limitations
Stream nutrient limitation of algal biomass varied between open and closed
canopy reaches, whereas nutrient limitation of fungal biomass was similar (Table 3.1;
Figure 3.2). In the closed canopy reach, epilithic and epixylic algal biomass was not
limited by N or P during both experiments (p > 0.05, all factors). In the open canopy
reach, however, algae on both substrates were either N-limited or N and P co-limited (p <
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0.05 for N, N + P factors). Among both reaches and experiments, fungi were N and P colimited (p < 0.05 among N, P, and N + P factors) or P limited with secondary N limitation
(p < 0.05 among P and N + P factors). Between experiments, we generally observed
higher biomass accrual among diffusers with added N, P, or N + P in the open canopy
reach compared to the closed canopy reach (Figure 3.2).
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Figure. 3.2. Algae and fungi concentrations among nutrient diffusing substrates. Algal
and fungal biomass (mean ± SE) among nutrient diffusing substrate samples in closed
and open canopy reaches averaged across a three week period during 2015 and 2016.
Nutrient limitations inferred from ANOVA results are indicated above each plot. See
Table 3.1 for F and P statistics.
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Table 3.1. Statistics of algae and fungi nutrient limitations. F and P statistics from ANOVA models determining nutrient limitations
among algae and fungi from nutrient diffusing substrates. Bolded values indicate p-values less than 0.05. Nutrient terms that were
significant in the models were used to determine nutrient limitations. (sensu Tank et al. 2006).
Epilithic Algae

Fungi

Epixylic Algae

2015
Nutrient
N
P
N+P

Closed
F
<0.01
1.80
<0.01

P
0.97
0.19
0.93

Open
F
72.75
15.37
2.26

P
<0.01
<0.01
0.14

Closed
F
0.08
33.84
9.74

P
0.782
<0.01
<0.01

Open
F
P
7.56
0.01
28.01 <0.01
7.14
0.01

F
-

Closed

Open

Open
F
P
4.37
0.05
79.11 <0.01
24.95 <0.01

Closed
F
P
6.21
0.09
0.98
0.40
4.95
0.13

P
-

F
-

P
-

2016
Nutrient
N
P
N+P

Closed
F
1.25
0.68
0.05

P
0.27
0.41
0.83

Open
F
55.67
10.72
2.26

P
<0.01
<0.01
0.14

Closed
F
0.09
3.17
0.01

P
0.77
0.09
0.93
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Open
F
P
15.96
0.03
2.10
0.24
8.09
0.07

Algal and Fungal Biomass
Our linear mixed effects models for the 2015 experiment revealed interactions
between carcass treatment and canopy cover for algal and fungal biomass suggesting that
carcass density was influencing algal and fungal biomass disparately (Table 3.2; Figure
3.3). For 2016, our mixed effects models revealed no association between epilithic algae
and either carcass treatment and canopy cover (Table 3.2; Figure 3.4). However, there
was a linear association between epixylic algae and canopy cover (p < 0.05). For algae
and fungi on wood substrates we found linear associations with the other response
variable added as a covariate in the model. Light intensity explained a very small portion
of the variability in epilithic algal biomass (0.02 % and 1.3 % for 2015 and 2016
respectively (p > 0.05), but explained 27.5 % of the variability in epixylic algal biomass
(p < 0.05). Among algae and fungi, we found positive correlations and coefficients of
determination ranged from 0.15–0.51 (p < 0.05).
Table 3.2. Statistics from algae and fungi models. F and P statistics from linear mixed
effects models testing algal and fungal biomass as a function of the number of carcasses
and canopy cover (stream reach). Bolded values indicate p-values < 0.05.
Epilithic Algae

Fungi

Epixylic Algae

Factor
Carcass treatment
Canopy cover
Interaction

F
0.013
0.217
8.361

P
0.908
0.646
0.005

2015
F
4.052
1.800
6.205

P
0.048
0.195
0.015

Carcass treatment
Canopy cover
Algae
Fungi
Interaction

F
0.451
3.087
--0.071

P
0.507
0.089
--0.792

2016
F
0.192
0.010
5.624
-3.281

P
0.664
0.922
0.025
-0.081
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F
----

F
1.857
36.706
-5.147
2.782

P
----

P
0.184
<0.001
-0.031
0.106

Figure. 3.3. Algal and fungal biomass among treatments during 2015. Algal and fungal
biomass (mean ± SE) regressed among replicate carcass addition treatments in closed
(solid line, filled markers) and open (dashed line, open markers) canopy reaches over a
three week period during 2015. Standard error bars were calculated among replicated
treatments. See Table 3.2 for F and P statistics.
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Figure. 3.4. Algal and fungal biomass among treatments during 2016. Algal and fungal
biomass (mean ± SE) regressed among carcass addition treatments in closed (solid line,
filled markers) and open (dashed line, open markers) canopy reaches over a three week
period during 2016. Standard error bars were calculated among replicate samples taken
from each treatment during each period. See Table 3.2 for F and P statistics.
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Larval Lamprey Stable Isotopes Analysis
Adult sea lamprey samples possessed an enriched stable isotopic signal for 15N
and 13C (N = 8; mean ± SE, δ15N = 12.15 ± 0.34; δ13C = -18.02 ± 0.17) relative to the
larval sea lamprey we sampled. Our MANOVA revealed that 13C and 15N isotope values
among larval sea lamprey differed among both sites (2 with and 1 without carcasses) and
weeks (Pillai test statistic = 0.337; p < 0.005; Figure 3.5). However, post-hoc tests on
univariate analyses revealed that sampled larvae collected in the treatment sites starting at
week 2 were more enriched in 13C but not 15N than the reference site. Further enrichment
in 13C among sampled larvae occurred at week 4, but by week 10, 13C in larval sea
lamprey tissue had shifted away from the isotopic signature of adult tissue. Stable
isotope values from larvae collected between sites receiving carcasses were not different
from each other.
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Figure. 3.5. Stable isotope values among larval lamprey. Mean (± SE) δ15N and δ13C
isotope values among larval sea lamprey collected at a reference site that received no sea
lamprey carcasses (diamonds) and the average of two treatment sites that received sea
lamprey carcasses (circles) collected before carcass addition (week 0), then two, four, and
ten weeks after carcass addition in Kenduskeag Stream, Maine, 2015. Dashed or solid
lines refer to the trajectory of stable isotope enrichment or depletion among larvae
sampled in the reference or treatment sites respectively. The hexagon is the stable
isotope signature of adult sea lamprey carcasses used in the experiment (mean ± SE, δ 15N
= 12.15 ± 0.34; δ13C = -18.02 ± 0.17).

Discussion
Our study provides empirical evidence linking marine, freshwater, and terrestrial
ecosystems within a meta-ecosystem framework. We observed varying producer and
decomposer nutrient limitation to contrasting light regimes controlled by adjacent forests.
We demonstrate that marine and freshwater ecosystems are connected through reciprocal
lamprey subsidy exchanges via assimilation among larval conspecifics. Additionally,
recipient freshwater stream producers and decomposers, and thus bottom-up trophic
dynamics, responded differently to increasing quantities of carcass nutrients. Thus, our
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study characterizes the role of a third ecosystem in altering the dynamics of subsidies
between marine and freshwater ecosystems.
We demonstrated that producer and decomposer nutrient limitations varied
between open and closed canopy habitats. Nutrient limitation of algal biomass in the
closed canopy reach was not detected, but N- or N+P limitations were demonstrated in
the open canopy reach with more than 3-fold greater incident light. Our results indicate
the strength of bottom-up trophic dynamics from these subsidies are mediated by canopy
cover from adjacent terrestrial habitats. Conversely, fungal biomass was primarily P
limited, and nutrient limitations between reaches were similar. Thus, our results suggest
that resource fluxes associated with cross-ecosystem subsidies may have varying
influences on bottom-up dynamics by invoking multiple pathways.
Through our demonstration that resource fluxes between marine and freshwater
ecosystems are influenced by the forest canopy, we highlight the importance of this third
ecosystem in a meta-ecosystem framework. Many studies have linked together two
ecosystems (e.g., Fisher and Likens 1973; Anderson and Polis 1999; Farina et al. 2003;
Bartels et al. 2012), however we provide evidence of a third interacting system. Adjacent
riparian vegetation may create a mosaic or patchwork of open and closed canopy
segments within streams that receive varying sunlight (Hagen et al. 2010; Stenroth et al.
2014). More broadly, our results underscore the complex influence that habitat
heterogeneity has in influencing resource supply and limitation. Abiotic and biotic
patchiness is a common characteristic of freshwater, marine and terrestrial ecosystems
alike, and is likely to be an important consideration in understanding the dynamics of
subsidies among ecosystems.
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Resource flows across space and time vary in quantity and have irregular
consequences for recipient community structure and function. The quantity of resources
delivered to recipient ecosystems is an important contributing factor to the strength of
cascading trophic interactions (Leroux and Loreau 2010) but few studies have examined
the effects of variable resource input to recipient ecosystems (with notable exceptions,
see Marczak and Richardson 2008, Leroux and Loreau 2010, and Klemmer and
Richardson 2013). Results from the current study and the results from Weaver et al.
(2016) suggest that relatively high quantities of nutrients (delivered through sea lamprey
carcasses) into streams may be necessary to stimulate bottom-up production (Figures 3.3
and 3.4). Cross-ecosystem subsidies may be expected to have greater effects when donor
and recipient ecosystems are dissimilar in productivity (Polis et al. 1997; Gravel et al.
2010). Sea lamprey subsidies arrive in freshwater during spring, a period of nutrient
limitation to producers and consumers. Therefore, it is not unexpected that organisms in
recipient freshwaters (e.g., larval lamprey) would utilize these subsidies in the absence of
other resources.
Lamprey subsidies are consumed by larval conspecifics and thus alter the
reciprocation of the subsidy between marine and freshwater ecosystems. Previous
research demonstrating this reciprocal dynamic among salmonids is replete. Research
from the Pacific Northwest has demonstrated Pacific salmon carcass nutrient assimilation
and corresponding increases in growth rates into juvenile conspecifics (Kiernan et al.
2010; Lang et al. 2011; Rinella et al. 2012). Guyette et al. (2013 and 2014) found
increases in the growth of juvenile Atlantic salmon in response to carcass analog
additions mimicking spring sea lamprey inputs. Our work is a novel contribution as we
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demonstrate a reciprocal subsidy exchange between adult sea lamprey and larval
conspecifics. Larval lamprey are a primary consumer and function as a filter-feeding
detritivore (Sutton and Bowen 1994) and likely consume adult carcass fragments.
Similar to salmon, larval lamprey consume these subsidies likely experience enhanced
growth during otherwise nutrient limited periods, with life history consequences. An
increase in energy surplus may improve fitness metrics including survival and fecundity
(Hall 1972; Hall et al. 1992) and may result in a positive feedback between spawning
adults and future year classes via increased nutrient subsidies.
Many migratory animals translocate nutrients across ecosystem boundaries
(Doughty et al. 2016). Climate change, over exploitation, habitat destruction and
anthropogenic barriers have caused population declines resulting in the loss of nutrient
exchange among ecosystems (Wilcove, 2008). For many migratory fish species, dams
have been particularly detrimental, leading to declines of many populations (Limburg and
Waldman 2009). For sea lamprey, which serve as vectors of nutrients to recipient
freshwater systems, the consequence is predictable. Nutrient subsidies from anadromous
fish that once flowed between connected marine and freshwater meta-ecosystems are
now reduced or eliminated (Saunders et al. 2006). Our work contributes to the
understanding of detrital resource and consumer fluxes across marine and freshwater
ecosystems and the role of organic matter in streams (Tank et al. 2010). We demonstrate
that sea lamprey serve as vectors of energy and nutrients that drive patterns in freshwater
productivity. This work improves our understanding of the mechanisms and
consequences of reciprocal exchanges among multiple ecosystems as mediated by
migrating fish.
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CHAPTER 4
EFFECTS OF SEA LAMPREY SUBSTRATE MODIFICATION AND CARCASS
NUTRIENTS ON MACROINVERTEBRATE ASSEMBLAGES IN A SMALL
ATLANTIC COASTAL STREAM
Abstract
Aquatic macroinvertebrates respond to the effects of patch dynamics as physical
and chemical perturbations interact across space and time. Anadromous fish, such as sea
lamprey, Petromyzon marinus, migrate from marine ecosystems and alter the physical
and chemical properties of their recipient spawning streams. Sea lamprey physically
disturb stream benthos through nest construction and spawning, and enrich food webs
through nutrient deposition from post-spawned adult carcasses. Sea lamprey spawning
nests have increased macroinvertebrate abundance compared to adjacent reference areas.
However, the effects of stream bed modification and subsequent nutrient supplementation
have not been examined sequentially. We characterized macroinvertebrate assemblage
structure on cleared substrate that mimicked the physical disturbance and the nutrient
enrichment effect from post-spawned carcasses. We found that abundance and biomass
in areas receiving cleared substrate and carcass nutrients were colonized largely by
Simuliidae compared to upstream and downstream control areas that were colonized
largely by Hydropsychidae, Philopotamidae, and Chironomidae. Environmental factors
such as stream flow likely shape assemblages by physically constraining
macroinvertebrate foraging capabilities. Our results indicate potential changes in
macroinvertebrate assemblages from the physical and chemical changes to streams
brought by spawning populations of sea lamprey.
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Introduction
Aquatic macroinvertebrates serve important functional roles in stream food webs
and represent an important intermediate pathway in the cycling of nutrients and transfer
of energy (Cummins 1974; Wallace and Webster 1996). Spawning anadromous fish
influence freshwater communities through physical distrubance and subsequent delivery
of energy and nutrients (Janetski et al. 2009). These fish function as ecosystem engineers
by physically modifying benthic stream habitat through nest construction and spawning
activities (Jones et al. 1994; Moore 2006; Hogg et al. 2014). Additionally, these fish
supplement available nutrient pools in the form of metabolic waste, gametes, and postspawned carcasses (Nislow and Kynard 2009; Flecker et al. 2010). The benthic stream
disturbance associated with spawning may influence subsequent nutrient addition effects
and therefore affect macroinvertebrate community structure and function. The literature
describing these mechanisms is replete among salmonids in the Pacific Northwest,
however these effects are not well understood for other anadromous fish.
Macroinvertebrate assemblages may be influenced by the chemical and physical
alterations to the benthos from spawning anadromous fish. Research from the Pacific
Northwest has demonstrated Pacific salmon (Oncorhynchus spp.) carcasses stimulate
production (Cederholm et al. 1999; Gende et al. 2002) and increase densities of scrapers,
collectors, shredders, and predators (Wipfli et al. 1998, 1999) as well as growth rates and
production concurrent during fall migration (Chaloner and Wipfli 2002; Lessard and
Merritt 2006). Conversely, salmon spawning and redd construction may disturb and
scour the streambed thus reducing production for some species, or create habitat and
facilitate colonization for other species (Moore and Schindler 2008; Campbell et al. 2012;
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Hogg et al. 2014). Thus, the physical and chemical perturbations from anadromous fish
may create mosaics, or patches of heterogeneous habitat that influence stream
communities (Pringle et al. 1988; Townsend 1989). The spatial and temporal scales (i.e.,
perturbation and timing of migration) that characterize the impact of salmon across the
stream landscape may not apply to other anadromous fish.
Anadromous sea lamprey Petromyzon marinus are a semelparous species native
to Atlantic freshwaters that, like salmon, disturb benthic habitat through the construction
of mound and pit nests and deliver pulses of nutrients from carcasses of post-spawned
adults (Beamish 1980; Nislow and Kynard 2009; Weaver et al. 2016). Sea lamprey
migrate from the ocean into freshwater during the spring. In freshwater, lamprey
construct nests and condition gravel and cobble substrate that create many interstitial
spaces free of fine sediment (Sousa et al. 2012; Hogg et al. 2014). After spawning,
lamprey die and carcasses may remain in streams for up to three weeks during which they
liberate the majority of nitrogen and phosphorus (Weaver et al. 2015). Stream
disturbances from spawning fish and subsequent pulses of nutrients from decomposing
carcasses may influence macroinvertebrate colonization on these newly freed substrates.
Among Atlantic coastal streams, Hogg et al. (2014) found benthic invertebrate
abundance was higher in sea lamprey spawning mounds versus adjacent reference areas,
most notably for Philopotamidae, a collector/filterer, and Heptageniidae, a scraper.
Additionally, carcass nutrients increased primary biomass accrual and became
assimilated in several macroinvertebrate families including Hydropsychidae,
Heptageniidae, and Perlidae (Weaver et al. 2016). However, the role of spawning
disturbance and subsequent nutrient enrichment from anadromous sea lamprey on
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macroinvertebrates was not examined. The coupled effects of these perturbations may
demonstrate important patch-dynamic processes that shape stream communities and
nutrient cycling (Pringle et al. 1988).
Our objective was to determine the effects of nutrient addition from post-spawned
sea lamprey carcasses on macroinvertebrate colonization on substrate cleared and
conditioned by sea lamprey nest construction. We simulated physical and chemical
effects of sea lamprey spawning by introducing rock bags, as surrogates for cleared
gravel and cobble, and carcasses in a small Atlantic coastal stream to characterize
macroinvertebrate colonization, abundance, and biomass.
Methods
Study Site
We conducted our carcass addition experiment in Sedgeunkedunk Stream, a thirdorder tributary to the Penobscot River at river kilometer (rkm) 36.5 (Figure 4.1). Two
dams were removed from the stream in 2008 and 2009 restoring connectivity of a 5-km
reach to the Penobscot River and ultimately the Atlantic Ocean. Following the dam
removals, spawning sea lamprey were regularly observed throughout Sedgeunkedunk
Stream (Gardner et al. 2012; Hogg et al. 2013). We selected a 150-m experimental reach
with a mean stream width of 6.7 m and mean depth of 0.23 m (Weaver et al. 2016) just
upstream of Tannery Falls, a natural barrier in which we observed no spawning sea
lamprey, evidence of nest construction, or post-spawned carcasses. We collected sea
lamprey for experimental carcass-addition from Milford Dam (rkm 61.0) on the main-
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stem Penobscot River. All fish were measured for mass and total length and stored
frozen until addition into the experimental reach.

Figure 4.1. Location of experimental sea lamprey carcass addition. From Weaver et al.
(2016). Location of study reach and 10 sites for experimental sea lamprey carcass
addition. Inset: shaded boxes indicate sites that received sea lamprey carcass additions.
See text for details as well as Weaver et al. (2016) for a detailed description of the study
reach.

Experimental Design
We delineated 10 sites along an approximate 150-m experimental reach (Figure
4.1 inset). Each site began at the head of a riffle, extending into a glide, then ending at
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the next riffle. Sites 1 and 2 served as references (hereafter referred to as “upstream
controls”) and received no carcasses. The following six downstream sites (3–8; hereafter
referred to as “treatments”) received 20 sea lamprey carcasses each (120 carcasses total).
Finally, sites 9 and 10 were the furthermost downstream and received no carcasses
(hereafter referred to as “downstream controls”). Weaver et al. (2016) determined that
stream nutrient concentrations and primary biomass accrual from added carcasses
invoked localized effects, which allowed us to assume independence between sites.
Carcass numbers and spacing were intended to approximate patchy spawning
aggregations that typically occur at riffle habitats containing coarse substrates. Carcasses
were placed into 2.5-cm mesh bags and then secured into 2.5-cm mesh metal cages,
which were staked mid-channel at each site. See Weaver et al. (2016) for more
information on the study design of the current experiment.
At each site we non-selectively deployed 10 rock bags that mimicked uncolonized
substrate by sea lamprey now available for macroinvertebrates and provided a means to
standardize sampling effort (Maine Department of Environmental Protection 2017).
Rock bags consisted of 2.5-cm mesh filled with 3.17 kg ( 0.05 SD) of 3.8–5.1 cm
diameter clean rocks. This substrate is similar to the gravel and cobble substrate sea
lamprey use to construct nests (Sousa et al. 2012; Hogg et al. 2014). The size range of
rocks used in this experiment is classified as “very coarse gravel” (Bovee and Milhous
1978), and therefore likely mimic the selected sizes of substrate used by sea lamprey to
construct nests. The standardized quantity and substrate size of rock bags used allowed
us to make inferences between control and treatment sites.
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Rock bags were given a unique tag number for identification during retrieval. At
the treatment sites, rock bags were placed ≤1 m downstream of the caged carcasses. No
rock bags were placed within 0.5 m of either bank to avoid emersion or influences from
the bank. The locations of the rock bags in the stream were noted so that upon sampling
we could confirm they had remained roughly in their original deployment site. Carcasses
and rock bags were deployed on 25 June 2014.
After three weeks incubation, all rock bags were sampled. If bags had been
displaced >1 m from their original deployment location then that sample was not used.
Rock bags were washed thoroughly in a bucket of water to extract macroinvertebrates
and debris within the rock bag. Contents were sieved into 500-micron mesh and
preserved with 70% ethanol.
Abiotic Stream Variables
Temperature loggers (Hobo Pendant UA-001-08, Onset, Cape Cod,
Massachusetts, U.S.A.) were deployed in the stream reach and retrieved at the conclusion
of the experiment. Loggers continuously recorded temperature at 1-h intervals. We
measured total stream depth and mean column velocity at 0.5-m increments along one
cross-sectional transect at each site during base flow then periodically for three weeks
with a top-set wading rod and Swoffer model 2100 current velocity meter (Swoffer
Instruments, Seattle, Washington, U.S.A.).
Macroinvertebrate Subsampling and Sorting
Samples were subsampled by mass following the protocol of the Canadian
Aquatic Biomonitoring Network (McDermott et al. 2012). Each sample was
77

homogenized by hand stirring the contents then the sample was divided into four trays of
equal mass. One tray was selected using a random number generator that would serve as
the subsample. A trained technician sorted macroinvertebrates to family in the entire
subsample. A minimum of 300 total macroinvertebrates in the subsample was necessary
to end the sorting after the first subsample. If this first subsample did not contain this
minimum number, a second subsample was sorted in its entirety. All macroinvertebrates
were identified to family and counted. The total number of subsamples and total
subsample mass was recorded.
We observed four macroinvertebrate families common to all samples:
Hydropsychidae, Philoptamidae, Simuliidae, and Chironomidae. These families
generally represented >95% of sample abundance and therefore were the focus of this
study. Sorted samples were placed into tin trays, measured for mass, then placed into an
oven for 24 h at 75 oC. After 24 h, samples were re-weighted to obtain dry mass. Other
macroinvertebrate families were present in the samples and noted, but not included in any
analyses.
We estimated total macroinvertebrate abundance and total biomass for each of
those four families. Based on the dominance of these taxa, we assumed that the
macroinvertebrates sorted in each of the four subsamples adequately represented 25% of
the entire sample and extrapolated biomass based on the number of samples. We used
the subsampled dry mass of each of the four macroinvertebrate families to calculate
average dry mass per individual, then extrapolated based on adjusted counts to estimate
total sample biomass.
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Statistical Analysis
We examined the assemblage of the four aforementioned macroinvertebrate
families as an index of the taxa colonizing the rock bag samples with nonmetric
multidimensional scaling (NMDS; Kruskal 1964). We reduced abundance and biomass
estimates from the four families among rock bag samples from each site into two
dimensional space. We used the “metaMDS” function in the “vegan package” in the
statistical package RStudio (version 0.99.491, RStudio, Boston, Massachusetts, U.S.A;
Oksanen et al. 2016). The Bray-Curtis dissimilarity distance function was used, which is
most appropriate for ecological abundance data sampled at different sampling locations
from a consistent area (e.g., rock bag volume) (Bray and Curtis 1957). We examined the
goodness of fit by calculating the stress, the sum of squared differences between the
ordination distances and distances predicted from the regression. Stress values for the
configured plots of abundance and biomass were low (6 and 4% respectively; Clarke
1993), indicating a low disagreement between the two dimensional configuration and the
predicted values from the regression. We plotted averaged NMDS scores among rock
bag samples for each site (± SE).
We analyzed macroinvertebrate abundance, biomass, and individual taxa mass
(average mass per individual) as a function of Site with a series of analysis of variance
models (ANOVAS). We compared abundance and mass estimates among all ten sites.
We tested for spatial autocorrelation among all sites with a Mantel test. We constructed
two distance matrices containing linear distances between each of the sites and distances
between abundance values of each taxa. The Mantel test computed the correlation of the
two distance matrices and then calculated 1000 permutations to generate p values for the
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four taxa. For all tests, statistical significance was gauged at p < 0.05. ANOVA tests
with a significant Site main effect were further examined with Tukey's HSD pairwise
post-hoc tests and adjusted familywise error rates
Results
Temperatures ranged from 17–29 oC, and averaged 24.2 oC (± 2.1 SD) during the
three week experiment. We observed mean cross-sectional stream flow (among all
transects) increase from 0.18 m/s (± 0.05 SD) at baseflow before our experiment to a high
of 0.64 m/s (± 0.09 SD) during the second week of our experiment (Figure 4.2). During
elevated flows we observed generally higher mean cross-sectional stream flows at sites
receiving sea lamprey carcasses, which ranged 0.61–0.80 m/s compared to the reference
sites, which ranged 0.46–0.59 m/s. We attribute elevated flows to precipitation from a
tropical depression that arrived during the second week of the experiment.
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Figure 4.2. Mean stream velocity during experiment. Mean (± SD) cross-sectional mean
column velocity (m·s-1) over a three week period. The dashed line indicates the period
during which precipitation from a spate elevated stream flows.

We retrieved between 6 and 10 rock bag samples from each site that fit the
sampling criteria. The remaining rock bags were either displaced >1 m from the original
deployment location, and thus were not sampled, or were not recovered because of high
flows. During sample sorting and identification, typically only one or two subsamples
were required to meet the minimum number of individuals, but this was not the case for 3
samples, where more than two subsamples were required.
Among all samples we identified 10 families of macroinvertebrates.
Hydropsychidae, Philopotamidae, Simulidae, and Chironomidae were present in all
samples and comprised ≥95% of the total abundance. Six other families were found
infrequently or rarely in low abundance (<5% total abundance) and included Perlidae,
Elimidae, Heptageniidae, Aeshnidae, Psephenidae, and Corydalidae. The Mantel tests
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suggested spatial autocorrlation among Hydropsychidae, Philopotamidae, and
Chironomidae among sites (p < 0.05).
Our NMDS plots for abundance and biomass revealed macroinvertebrate
colonization in the upstream controls were influenced largely by Hydropsychidae,
Philopotamidae, and Chironomidae, and were relatively similar to one another (Figure
4.3). Conversely, macroinvertebrate samples among the treatment sites and downstream
control sites varied in the indicator taxa that was most influential to the assemblage.
Several samples from the treatment sites and additional downstream sites were influenced
more by Simuliidae.
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Figure 4.3. NMDS plots of macroinvertebrate abundance and biomass. Plots of mean (±
SE) NMDS scores from two dimensional configurations of macroinvertebrate abundance
(top) and biomass (bottom) estimates for rock bag samples among sites from the
upstream controls (triangles; sites 1 and 2), treatments (circles; sites 3–8), and
downstream controls (squares; sites 9 and 10). Letters depict the indicator taxa
influencing the sites: Hydropsychidae (H), Philopotamidae (P), Simuliidae (S), and
Chironomidae (C).

We found differences in abundance among Hydropsychidae, Simuliidae, and
Chironomidae, and biomass among all four taxa across all sites (p < 0.05; Table 4.1).
Generally, post-hoc tests revealed higher abundance and biomass estimates among
Hydropsychidae and Chironomidae families in the upstream control sites compared to the
treatment and downstream control sites (Tables 4.2 and 4.3). However, Simuliidae
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abundance and biomass was generally higher in the treatment sites that received
carcasses. These results are consistent with the NMDS analysis, which depicted
treatment samples more influenced by Simuliidae, while the upstream and downstream
control samples were more influenced by the abundance and biomass of the other three
families.
For individual macroinvertebrate mass among families, we found differences
among Hydropsychidae and Philopotamidae among sites (Tables 4.4). Hydropsychidae
mass at site 7, which was downstream of 100 carcasses, was higher than upstream sites
influenced by fewer carcasses as well as the downstream control sites that received no
carcasses, but not the upstream control sites (Table 4.4). Among individual
Philopotamidae mass, we found higher mass per individual in the upstream control sites
compared to the treatment and downstream control sites. We found no differences for
individual Simuliidae and Chironomidae mass among sites. Post-hoc tests generally
found no differences between sites designated as upstream controls and sites designated
as downstream controls (Tables 4.2 and 4.3).
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Table 4.1. Statistics of tested variables among macroinvertebrates. F and P statistics
from ANOVA models among macroinvertebrate taxa tested for differences among sites.
Bolded p-values indicate statistically significant differences among sites (p < 0.05).
Variable

Taxon
Hydropsychidae
Philopotamidae
Simuliidae
Chironomidae

F
6.547
1.922
4.511
4.456

P
<0.001
0.0636
<0.001
<0.001

Biomass

Hydropsychidae
Philopotamidae
Simuliidae
Chironomidae

5.129
3.015
3.966
3.135

<0.001
0.004
<0.001
0.003

Average individual mass

Hydropsychidae
Philopotamidae
Simuliidae
Chironomidae

3.707
4.384
1.455
0.755

<0.001
<0.001
0.183
0.658

Abundance

Table 4.2. Macroinvertebrate abundance. Mean (±SE) total macroinvertebrate abundance
among N rock bag samples at each site. Treatment indicates the number of sea lamprey
carcasses added to each site. Similar superscript letter combinations depict similarities
among sites from pairwise post-hoc tests. See Figure 4.1 for site descriptions.
Site
1
2

Treatment
Upstream
control

N
10
8

Hydropsychidae
2111 (229)a
1752 (120)ab
1055 (152)bc
912 (116)bcd
979 (172)bcd
544 (86)de
994 (87)bdef
1311 (236)abcdf

432 (122)a
346 (48)a
462 (109)a
197 (62)a
273 (51)a
274 (62)a

199 (44)b
73 (26)abc
121 (54)abc
16 (6)ac
115 (62)abc
40 (9)abc

109 (20)abc
81 (16)abcd
90 (25)abcd
45 (16)bcd
30 (9)bcd
68 (17)abcd

1096 (162)bcdef
1295 (196)abcdef

269 (63)a
358 (72)a

20 (3)ac
24 (6)ac

25 (5)bd
69 (11)abcd

3
4
5
6
7
8

Treatments

8
7
6
9
6
9

9
10

Downstream
control

8
9

Philopotamidae
555 (62)a
492 (45)a
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Simuliidae
38 (11)a
19 (6)a

Chironomidae
141 (23)a
82 (13)ab

Table 4.3. Macroinvertebrate biomass. Mean (±SE) total macroinvertebrate biomass
(mg) among N rock bag samples at each site. Treatment indicates the number of sea
lamprey carcasses added to each site. Similar superscript letter combinations depict
similarities among sites from pairwise post-hoc tests. See Figure 4.1 for site descriptions.
Site
1
2
3
4
5
6
7
8
9
10

Treatment
Upstream
control

Treatments

Downstream
control

N
10
8
8
7
6
9
6
9
8
9

Hydropsychidae
342.1 (31.8)a
169.1 (24.8)ab
162.3 (28.9)bc
112.6 (14.0)c
141.4 (30.5)c
101.7 (19.7)c
225.3 (29.0)abc
199.6 (35.4)abc
181.6 (27.1)abc
180.4 (32.1)abc

Philopotamidae
188.5 (23.6)a
169.1 (14.2)a
76.0 (24.5)ab
49.7 (7.8)ab
74.2 (29.1)ab
41.1 (14.3)b
63.1 (17.9)ab
75.1 (31.0)ab
85.5 (23.1)ab
96.2 (21.0)ab

Simuliidae
3.2 (0.8)a
1.3 (0.5)ab
14.2 (3.7)c
3.6 (0.9)abcd
8.6 (5.8)abcd
1.4 (0.5)abde
10.3 (6.0)acdf
3.2 (0.6)abcdef
2.7 (0.6)abcdef
2.1 (0.5)abdef

Chironomidae
5.8 (1.1)a
2.8 (0.6)ab
4.8 (1.2)ab
3.0 (0.9)ab
3.2 (1.0)ab
1.4 (0.6)b
1.3 (0.5)b
2.5 (0.5)ab
1.0 (0.3)b
1.9 (0.6)ab

Table 4.4. Individual macroinvertebrate mass. Mean individual macroinvertebrate mass
(µg) among N rock bag samples at each site. Treatment indicates the number of sea
lamprey carcasses added to each site. Similar superscript letter combinations depict
similarities among sites from pairwise post-hoc tests. See Figure 4.1 for site descriptions.
Site
1
2
3
4
5
6
7
8
9
10

Treatment
Upstream
control

Treatments

Downstream
control

N
10
8
8
7
6
9
6
9
8
9

Hydropsychidae
163.1a
172.0a
146.3a
125.3ab
140.4ab
188.0abc
227.5acd
150.4abce
167.1abcde
131.9abce

Philopotamidae
334.3a
350.7a
167.9ab
138.7b
185.5bc
229.5abcd
230.2abcd
228.2abcd
286.3abd
256.0abcd
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Simuliidae
108.7a
78.7a
67.1a
62.6 a
96.0 a
122.2 a
85.1 a
105.4 a
133.2 a
126.7 a

Chironomidae
38.3 a
36.3 a
42.0 a
36.5 a
35.2 a
33.5 a
49.7 a
47.0 a
42.5 a
25.9 a

Discussion
We sought to determine the effects of sea lamprey carcass nutrients on
macroinvertebrate assemblages colonizing substrate mimicking the cobble nests left by
spawning individuals and applying carcasses. Previous work has indicated that sea
lamprey nest construction serve as a physical disturbance that may influence
macroinvertebrate assemblages (Hogg et al. 2014). Also, nutrients from sea lamprey
carcasses increased primary standing stock biomass and were assimilated by several
macroinvertebrate taxa (Weaver et al. 2016). Collectively, the results from the current
study and those from prior research indicate that the physical and chemical changes
brought about from sea lamprey spawning, and the subsequent nutrient liberation from
carcasses influence macroinvertebrate colonization on newly freed and conditioned
substrate. More broadly, the biotic and abiotic effects from migratory fish may influence
patch dynamics across interacting spatial and temporal scales.
There is ample research examining the role of migrating and spawning Pacific
salmon and corresponding effects on stream ecosystems (Janetski et al. 2009). However,
the effects of other anadromous fish species are not well understood, but our results
suggest disparate ecological effects. Previous research has demonstrated negative
responses of macroinvertebrate taxa and communities to salmon spawning. The large
migrations and subsequent redd construction and spawning excavate and scour the stream
channel, reducing benthic invertebrate abundance, increasing drift, and negating any
subsequent increases in productivity from post-spawned carcass nutrients (Moore and
Schindler 2008; Honea and Gara 2009; Lessard et al. 2009; Monaghan and Milner 2009;
Tiegs et al. 2009). Contrary to these studies, our results, and those of Hogg et al. (2014)
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suggest that sea lamprey spawning disturbance may increase streambed habitat
heterogeneity, and therefore create favorable conditions (via increased interstitial spaces)
for macroinvertebrate foraging. However, spawning disturbance coupled with nutrient
deposition from carcasses and elevated stream flows may elicit taxa-specific responses.
While our data are suggestive, examining changes in macroinvertebrate assemblages
from intact nests with nutrient supplementation from carcasses remains to be tested.
Nutrient deposition from post-spawned fish carcasses may influence
macroinvertebrate colonization on newly cleared and conditioned cobble substrate. In the
current study, it is plausible that Hydropsychidae, Philopotamidae, Simuliidae, and
Chironomidae utilize the cleared substrate for foraging and consume drifting sloughed
tissue from carcass decomposition. Prior research has demonstrated corresponding
increases in productivity and macroinvertebrate abundance and biomass in response to
added salmon carcasses in Pacific coast systems (Wipfli et al. 1998; Chaloner and Wipfli
2002; Kohler and Taki 2010), and assimilation of sea lamprey carcass nutrients among
scrapers (e.g., Heptageniidae) and collectors (e.g., Hydropsychidae) in Atlantic coast
systems (Weaver et al. 2016). However, these studies were not subject to the disturbance
from migrating and spawning fish. In contrast, we generally observed lower
macroinvertebrate abundance and biomass among colonized rock bag samples in sites
with added sea lamprey carcasses compared to the control sites. Similar to previous
studies with Pacific salmon, the patterns we observed were specific to certain
macroinvertebrate taxa. Among treatment sites receiving carcasses, we generally
observed higher abundance and biomass of Simuliidae, compared to the control sites, but
lower abundance and biomass of Hydropsychidae, Philopotamidae, and Chironomidae.
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The physical and chemical disturbances from anadromous fish may further
interact with other environmental disturbances enacting on the stream landscape. We
observed elevated stream flows, likely at flood-stage levels, associated with precipitation
from a spate, which may increase macroinvertebrate drift rates and reduce local
abundance (Effenberger et al. 2008). The unique foraging capabilities among
macroinvertebrate functional feeding groups, and their response to disturbance, may
explain the observed patterns in abundance and biomass. We observed higher abundance
of Simuliidae, and lower abundances of Hydropsychidae and Philopotamidae among
treatment sites compared to the control sites. These three taxa are largely
collector/filterers that capture drifting particles in the water column (Fuller and MacKay
1980; Wallace and Webster 1996). Generally, the net-spinning caddisflies (e.g.,
Hydropsychidae) prefer swift moving waters (Philipson and Moorhouse 1974).
However, Simuliidae are unique in that they occupy a feeding position on substrates that
minimizes energy expenditure (Wallace 1980), and demonstrate lower drifting rates with
increasing stream flow (Fenoglio et al. 2013). The increased stream flows we observed,
which were likely at flood levels, may have affected the treatment sites differently than
the control sites through differences in channel architecture (e.g., steeper banks; Naman
et al. 2017). These differences in flow rate may have further interacted with the carcass
addition treatments, which favored Simuliid colonization. Our work suggests that
multiple disturbances (i.e., spawning disturbance, nutrient addition, stream flooding)
affect macroinvertebrate colonization among taxa disparately. Stream communities may
be influenced by the effects of patch dynamics altered by local resources (i.e., carcasses)
and local environmental factors (i.e., flood disturbance).
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We used rock bags to mimic the substrate arrangement left from spawning sea
lamprey, and we believe they served as a representative surrogate for sea lamprey nests.
We used substrate of similar size to what sea lamprey use to construct nests (Sousa et al.
2012; Hogg et al. 2014). Additionally, Hogg et al. (2014) found Philopotamidae and
Hydropsychidae were among the most abundant taxa found in sea lamprey nest mounds
compared to adjacent reference areas. We observed these two taxa comprise the majority
of the macroinvertebrate assemblage among our rock bag samples. Therefore, while we
may not have accurately represented changes across the entire macroinvertebrate
community, we are confident that our samples reflect the colonization of
macroinvertebrate assemblages observed after sea lamprey spawning and nutrient
deposition from carcasses.
Among river landscapes, migratory fish may create a mosaic of heterogeneous
habitats across interacting spatial and temporal scales (Pringle et al. 1988; Campbell et al.
2012). Sea lamprey migrate into freshwaters during the spring, a period of increasing
temperature, and metabolism among organisms (Hall 1972), and nutrient limitation
(Norris 2012; Weaver et al. 2016). The physical perturbations from sea lamprey
spawning alter the benthos (Hogg et al. 2014), and their subsequent death and
decomposition supplement available nutrient pools and increase primary stock biomass
(Weaver et al. 2015; Weaver et al. 2016). Macroinvertebrates function as an integral
component in the cycling of nutrients and transfer of energy (Wallace and Webster 1996),
and therefore likely mediate the interaction of the physical and chemical bioengineering
characteristics of sea lamprey.
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CHAPTER 5
“CLOSING THE LOOP”, THE INFLUENCE OF SEA LAMPREY CARCASS
SUBSIDIES ON THE GROWTH AND METAMORPHOSIS
OF LARVAL CONSPECIFICS
Abstract
Migrations of anadromous sea lamprey (Petromyzon marinus) from marine
ecosystems serve as vectors of nutrients into recipient freshwater food webs. Larval sea
lamprey, which reside in streams for 6–8 years, function as filter feeding detritivores
metamorphosing and migrating to the ocean. Previous work has demonstrated that
carcass nutrients increase productivity and are consumed by pre-metamorphic larvae.
This may increase growth rates and permit earlier metamorphosis. We examined the
sensitivity of life history parameters and influence of sea lamprey carcass nutrients on the
age and growth of larval conspecifics with a deterministic stock recruitment model. We
hypothesized that growth variability among larval populations represents the influence
for productivity-mediated growth. We compared simulated populations in which larvae
receive added growth benefits from carcass nutrients to populations that do not receive
these benefits. Our model manipulation demonstrated increases in larval growth and
lower age-at-metamorphosis that, over time, resulted in a 3-fold increase in the numbers
of returning adults to freshwaters. Increased growth rates may improve fitness metrics
that bolster subsequent spawning stocks. Our work exemplifies two potential alternative
ecosystem states, one in which fish populations are uninhibited during migration, and
another in which fish passage is constrained by migratory barriers.
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Introduction
Freshwater and marine ecosystems are coupled by migrations of adult
anadromous fishes and subsequent outmigration of juveniles. These fish serve as vectors
of marine-derived nutrients into freshwaters through metabolic waste, gametes, and
carcasses from dead spawners (Gende et al. 2002; Nislow and Kynard 2009; Naslund et
al. 2015). These nutrients may have bottom-up effects on freshwater systems through
stimulating primary and secondary production (Wipfli et al. 2003; Kohler et al. 2008;
Weaver et al. 2016). Concurrently, some proportion of liberated nutrients may become
sequestered by larval and juvenile fish that reside in freshwater systems for several years
before migrating to the ocean (Kiernan et al. 2010; Lang et al. 2011; Rinella et al. 2012;
Weaver et al. in review). Thus, anadromous fish transport nutrients between marine and
freshwater systems.
Dam construction, habitat modification, and overfishing have reduced or
eliminated many populations of anadromous fish (Saunders et al. 2006; Sheer and Steel
2006; Limburg and Waldman 2009). These sever linkages and decouple freshwater and
marine ecosystems. A reduction in connectivity diminishes the exchange of energy and
nutrients between these ecosystems and significantly alter stream food-web structure and
productivity (Lamberti et al. 2010). Reduced adult returns to freshwater systems may,
therefore, decrease the supply of nutrients to these systems.
Among Atlantic coastal freshwaters, anadromous populations of sea lamprey,
(Petromyzon marinus) subsidize freshwater systems during spring with pulses of marinederived nutrients (Weaver et al. 2015; Nislow and Kynard 2009). Sea lamprey spend 1–2
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years in the ocean parasitizing marine vertebrates as a top parasitic predator (Silva et al.
2014) before migrating into temperate Atlantic coastal freshwater rivers and streams from
spring to early summer to construct nests, spawn, then subsequently die (Beamish 1980).
These phases input marine nutrients to the freshwater environment. During the summer
season, rising water temperatures and increased photoperiod stimulate primary
production and increase the metabolic demand of consumers, including young-of-theyear fish and macroinvertebrates (Hall 1972; Gustafson-Greenwood and Moring 1990).
Thus, sea lamprey carcass nutrients serve to alleviate stream nutrient limitations and
increase productivity to the benefit of freshwater communities (Weaver et al. 2016).
Interestingly, sea lamprey carcasses may benefit conspecifics. After hatching,
larval sea lamprey bury into fine substrate, and reside in freshwaters as filter-feeding
detritivores accumulating freshwater and terrestrial nutrients (Hardisty and Potter 1971;
Evans and Limburg 2015). Larvae consume a portion of adult carcasses. Weaver et al.
(in review) demonstrated larval assimilation of adult carcass nutrients through the
enrichment of the 13C isotope among individuals collected near carcasses.
It is plausible that larval sea lamprey subsidized by adult carcass nutrients may
have increased growth rates. During summer, larvae undergo metamorphosis, a nontrophic period characterized by a series of physical and physiological changes and
arrested somatic growth and feeding (Youson 1980; Youson and Manzon 2012). After
several months, the juveniles (macropthalmia) migrate towards the ocean to begin
feeding parasitically (Potter et al. 1978). Thus, the accrual of a surplus of lipids (i.e.,
energy) during the freshwater larval period is critical to both the developmental

93

“decision” to metamorphose and to the survival and migration of newly metamorphosed
lamprey (Lowe et al. 1973).
Freshwater productivity can directly influence growth rates and drive population
dynamics of fish populations. While direct data linking productivity to growth rates are
absent for sea lamprey, there is strong correlational evidence. For sea lamprey, the time
from the larval period to metamorphosis ranges from 2–14 years among populations in
freshwaters of varying productivity (Manion and McLain 1978; Beamish 1980; Potter
1980; Purvis 1980; Beamish et al. 1998; Morkert et al. 1998; Quintella et al. 2003).
Larval growth rates and age-at-metamorphosis may be influenced by stream productivity
(Potter 1980; Purvis 1980). Temperature, stream conductivity, and dissolved solids,
surrogates for productivity, were found to be significant predictors of growth rate
(Holmes 1990; Young et al. 1990; Griffiths et al. 2001). Among tributaries in the Great
Lakes, the first occurrence of metamorphosis may range from age 2 in faster growing
populations to age 7 in slower growing populations (Purvis 1980; Morkert et al. 1998).
Thus, the variability associated with the duration of the larval period, and initiation of
metamorphosis, may be influenced by the influx of nutrients from spawning populations
of lamprey that subsidize freshwater production. This may create an alternative stable
state that reinforces production of spawning adults and promotes population persistence
(Kefi et al. 2016).
We assessed the theoretical influences of sea lamprey carcass nutrients on larval
sea lamprey, with the assumption that growth of larvae was linked to productivity. We
utilized data and values from the literature to construct a heuristic model and probed the
sensitivity of various life history parameters on the growth and metamorphosis of larvae.
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We compared a hypothesized scenario where carcasses from adult sea lamprey had no
effect on growth to a scenario where increases in productivity mediated by carcasses
increased larval lamprey growth and lowered the age at metamorphosis. The theoretical
population level changes are explored.
Materials and Methods
Population Modeling
We used data and life history parameter values obtained from the literature to
inform a deterministic stock-recruitment model in STELLA (isee systems version
10.0.6). Our model was constructed in three functioning parts: (1) a recruitment model;
(2) a growth model; and (3) a nutrient feedback model (Figure 5.1). The model was
designed to capture the entire life history of sea lamprey beginning with larval
recruitment in freshwaters, metamorphosis and migration to the ocean, ocean survival,
migration back to freshwaters and subsequent death and nutrient deposition. We describe
two populations: one in which larval growth rates are not influenced by returning adult
sea lamprey, i.e., “unsubsidized” populations, and one in which larval growth rates are
influenced by returning adult sea lamprey, i.e., “subsidized” populations.
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Figure 5.1. Stock recruitment model. Conceptual sea lamprey population model
depicting freshwater larval recruitment (Rt) growth, survival (St), metamorphosis (Mt) and
migration to the ocean, parasitic juvenile phase, and juvenile recruitment to freshwaters
(Rs).

Recruitment
We characterized early life stage recruitment using a Ricker stock-recruitment
relationship (Ricker 1975; Guy and Brown 2007). A Ricker curve depicts a decrease in
larval recruitment with increasing numbers of spawning adults, characteristic of an
increasing probability of nest superimposition, which may be observed among species
that construct nests (e.g., sea lamprey; Dawson and Jones 2009). We defined the
recruitment relationship as:
(1)

,

where Rt is recruitment of larvae at age class t, E is the total number of eggs from female
spawners, α is the y-intercept of the stock recruitment relationship and describes survival
when E is zero, β is the slope of the stock-recruitment relationship and describes the
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degree to which survival falls as E increases. We used α and β terms from Dawson
(2007) as starting values, however we made necessary adjustments to obtain a stabilized
population based on the survival parameters used in the model (Table 5.1). We derived a
value of β to obtain a stable population size of 46,000 spawning adult lamprey,
representing approximately 46 ha area of suitable spawning habitat (1 lamprey per 10 m 2;
Nislow and Kynard 2009). We assumed an unequal sex ratio of 1:1.36 females to males
from the total number spawning adults (Beamish and Potter 1975; Beamish et al. 1979).
The number of eggs E was calculated from the number of females with an average mass
of 885.2 g (Beamish et al. 1979) and 233 eggs/g of mass (Hardisty 1971; Table 5.1).
Table 5.1. Life history variables. Recruitment and life history variables set for a model
representing a population of anadromous sea lamprey.
Variable
Recruitment
α
β
K
Eggs (β·g·mass-1)
Female adult mass
Proportion of females
Mortality
Migration/metamorphosis
juvenile to adult
Larval mortality
Age 1
Age 2
Age 3
Age 4
Age 5
Ages 6–12

Value

Source

0.00058
1.0 10-10
0.3–0.7
233
885.2

Modified from Dawson (2007)

0.44115

0.60
0.4133

0.74
0.07
0.05
0.09
0.12
0.10
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Modified from Quintella et al. (2003)
Hardisty (1971)
Beamish et al. (1979)
Beamish and Potter (1975);
Beamish et al. (1979)

Best guess estimate
Eshenroder et al. (1987);
Jones et al. (2002); Howe et al. (2004)

Zerrenner (2001)

Freshwater Larval Growth
We permitted larval populations to remain in freshwaters for up to 12 years,
within the range of the reported larval period (Manion and McLain 1978; Beamish 1980).
We modeled larval sea lamprey growth as a von Bertalanffy growth model (von
Bertalanffy 1938) defined as:
(2)

,

where Lt represents the length of the larvae at time t (years), L∞ represents the theoretical
maximum (asymptotic) body length, K represents the Brody growth rate coefficient (time 1

) that describes the decline in growth rate towards L∞, and t0 represents the age at which

body length is zero (Guy and Brown 2007). We adopted the Ford-Walford method (Ford
1933; Walford 1946; Isely and Grabowski 2007) by plotting Lt and Lt+1, which transforms
the von Bertalanffy growth model to follow a linear relation.
We used the plot of Lt and Lt+1 to extract the intercept b from linear regressions
with different K values ranging from 0.3 to 0.7, which were selected to represent a range
of growth trajectories along a gradient of hypothetical streams of varying productivity.
At K values <0.3, simulated larval populations did not reach L∞ within the designated age
structure. We capped the range of K at 0.7, which was observed in larval populations by
Quintella et al. (2003) in the Mondego River, Portugal, where populations grew relatively
quickly and achieved metamorphosis at age 4 or younger. We then plotted K and b
values and then extracted the linear equation to use as an intercept (bw) to estimate the
length of larvae. We estimated the length of an individual at t+1 as
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(3)

.

This method allowed us to manipulate K, representing the indirect manipulation of larval
growth from populations receiving nutrient subsidies. Values of K obtained from the
Walford plot were calculated as the inverse natural log of the slope and are not identical
to those used in the von Bertalanffy relationship and thus were considered estimates of K
(Isely and Grabowski 2007).
We used an initial hatch length of 14.1 obtained from 51 d post-hatch larvae of
Pacific lamprey (Entosphenus tridentatus) (Barron et al. 2016). Among the literature, we
found maximum lengths of larval sea lamprey prior to metamorphosis range from 120 to
200 mm (Manion and McLain 1971; Potter et al. 1978; Quintella et al. 2003). Therefore,
we used a length of 200 mm as the L∞. We defined a minimum K value of 0.3, which
served as a baseline value for simulated unsubsidized populations. Subsidized
populations had augmented K values that were calculated as a function of the number of
returning adult spawners (see Nutrient Feedback Model, equation 7).
We used larval mortality-at-age estimates for ages 1–6 from Zerrenner (2001;
Table 1). For ages 7–12, we used the mortality estimate for age 6 (0.1). We calculated
larval survival to the next age class as
(4)

,

where Nt+1 is the number of larva that are recruited to the t+1 age class, Nt is the number
in the current age class, LMt is the estimated larval mortality at age t, and MMt is the
proportion of larvae that underwent metamorphosis and migrated out of freshwaters.
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Probability of Metamorphosis
We modeled larval metamorphosis into macropthalmia using length and growth
data from the von Bertalanffy growth curve. Larvae that reached 160 mm in length were
considered developed enough to undergo metamorphosis and migrate to the ocean. We
based this on the midpoint of the range of lengths at which larvae begin metamorphosis
(120–200 mm, see above). We estimated the number of individuals that underwent
metamorphosis of each age class (Nmt) as
(5)

,

where ME is the probability of metamorphosis, and MMt is the mortality associated with
metamorphosis and migration to the ocean, which, in the absence of any empirical data,
was designated as 0.6 among individuals for all age classes.
Juvenile Demographics
Juvenile sea lamprey typically spend 1 to 2 years at sea (Beamish 1980). We
calculated the number of juveniles spending a second year in the ocean as
(6)
where N2 is the number of juveniles recruited to a second year-at-sea, N1 is the number of
juveniles that have completed a full year at sea, JM is the estimated juvenile mortality,
and Rs is the proportion of individuals recruiting to maturity and returning to freshwaters
to spawn. We calculated juvenile survival at sea (JM) as 0.413 obtained from averaging
estimates of survivorship of juvenile to adult spawner on the Great Lakes (Eshenroder et
al. 1987; Jones et al. 2002; Howe et al. 2004). We designated probabilities associated
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with juvenile maturation and return migration to freshwaters after one and two years at
sea 0.5 and 1.0 respectively.
Nutrient Feedback Model
In order to test the effect of a hypothesized influence of carcasses on larval
populations, we allowed K, the Brody growth coefficient, to vary as a function of the
number of carcasses deposited in freshwaters. We assumed that nutrient feedbacks
would have a peak effect, then diminishing returns with further additions of carcasses, a
relationship that has been demonstrated or theorized among many ecological systems
(Kefi et al. 2016). During model simulations of populations receiving nutrient feedbacks
we assumed K values followed a logistic regression,
(7)

,

where γ and δ are parameters that influence how steeply the logistic function rises
through a midpoint and the duration at which the midpoint occurs, and TSt is the total
number of adults returning to freshwater streams at year t. Calculated values from the
logistic equation were added to the baseline K value of 0.3 to depict the adjustment in
growth rate to larvae in subsidized populations.
We also estimated carbon, nitrogen, and phosphorous inputs from post-spawn sea
lamprey carcasses. Nitrogen, phosphorus, and carbon nutrients were calculated from the
total number of spawners returning to freshwaters each year and values from whole-body
elemental analysis from Weaver et al. (2015; Table 5.2). Average post-spawn carcass
mass among males and females was 776.7 g and 645.1 g respectively (Beamish et al.
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1979). We used adult sex ratios, post-spawn carcass mass, and elemental composition of
carcass tissue to calculate total nitrogen, phosphorus, and carbon input from yearly
spawning populations.
Table 5.2. Nutrient model variables. Mean and standard deviation (SD) of post-spawned
carcass mass and nitrogen, phosphorus, and carbon carcass nutrients for male and female
sea lamprey.
Variable
Post-spawn carcass mass (g)
Male
Female
Carcass nutrients (kg/g)
Male
Nitrogen
Phosphorus
Carbon
Female
Nitrogen
Phosphorus
Carbon

Mean
776.7
645.1

SD

Source
Beamish et al. (1979)

146.9
146.0
Weaver et al. (2015)

110,714 14,862
5,829
808
551,571 30,772
112,666 5,860
5,340 2,042
536,000 23,811

Model Execution
We initially populated each larval and juvenile age class with arbitrary values.
We then ran the unsubsidized model that incorporated no feedback of carcass nutrients on
larval growth for 200 years, which served as a burn-in period to allow the population to
stabilize. We took the final numbers of each larval and juvenile age class and re-seeded
the model with those values. We estimated our unsubsidized population at the point at
which population numbers remained constant over a 200 year period. We then re-ran the
model in which larval growth was influenced by the number of returning adult spawners
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as reflected by varying K (equation 7). We examined the resulting changes in
demographics in the subsidized population.
Model Sensitivity
We gauged the local sensitivity of larval, metamorphosing, and ocean survival, α,
β, and K parameters of unsubsidized populations, and γ and δ logistic regression
parameter estimates for manipulating K in subsidized populations. We applied a 1%
increase in those selected parameters on the stabilized model run size of Total Spawners.
Sensitivity (S) of total spawners was calculated as
(8)

,

where Ra is the result for the altered variable, Rn is the result for the unaltered variable, Pa
is the altered parameter, and Pn is the nominal parameter (Haefner 2005; Bailey and
Zydlewski 2013). Model output were deemed “sensitive” to the parameter if |S| > 1.00.
Results
The population model was adjusted to simulate unsubsidized populations of total
spawners at approximately 46,000 individuals (Figure 5.2; Table 5.3). This number was
used as the starting population for the simulation of subsidized populations with the
incorporation of the growth feedback. Subsidized populations of total spawners were
variable for 150 years, then began to stabilize at approximately 151,0000, which was
three times greater than the unsubsidized population model (Figure 5.2). Similarly,
nutrient input into freshwaters was also three times greater under modeled populations
receiving subsidies compared to unsubsidized populations (Table 5.3).
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Table 5.3. Sea lamprey abundance and nutrients. Modeled stabilized runs of total annual
sea lamprey spawners and nutrients (kg) of carbon, nitrogen, and phosphorus among
unsubsidized and subsidized populations.
Population
Unsubsidized
Spawners
Carbon
Nitrogen
Phosphorus
Subsidized
Spawners
Carbon
Nitrogen
Phosphorus

Stabilized run value
46,105
18,074,591
3,694,475
186,784

151,675
59,601,446
12,182,633
615,926

Figure 5.2. Modeled sea lamprey abundance. Number of returning spawning sea lamprey
from the baseline unsubsidized model population (gray line) and corresponding changes
in abundance when growth is manipulated with a nutrient feedback (black line).
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We demonstrated changes in the distribution of age classes when simulated
populations were subject to increased growth rates from adult carcass nutrients. When
we assumed no feedback, over 75% of all metamorphosed larvae were between the ages
of 7–12 (Figure 5.3). When we assumed feedback, larval populations demonstrated a
shift towards younger age classes. Over 70% of all metamorphosed larvae were less than
5 years of age. The shifts in age-at-metamorphosis towards younger individuals
correspond to the manipulations of age-at-length Von Bertalanffy growth model (Figure
5.4). We demonstrated higher growth rates among the subsidized populations, which
allowed larvae to reach the minimum length at metamorphosis (160 mm) at an earlier age
in contrast to unsubsidized populations that reached the minimum length at relatively
older ages.

Figure 5.3. Sea lamprey growth model. Sea lamprey growth (age-at-length) from
modeled von Bertalanffy curve for the unsubsidized (grey) and subsidized (black)
modeled populations.
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Figure 5.4. Larval sea lamprey age distributions. Percent of total number of metamorphic
sea lamprey among each age class in unsubsidized (open bars) and subsidized (closed
bars) modeled populations.

Several parameters were relatively sensitive to change (|S| > 1.00), including age
1 larval mortality, metamorphosis and migration mortality, juvenile mortality, α, and γ
parameters (Table 5.4). We found that increases in larval mortality resulted in population
crashes and corresponding decreases in mortality resulted in increases in total spawners.
We also found relatively consistent increases or decreases in total spawning adult returns
associated with increases or decreases in mortality associated with larval metamorphosis
and migration, and the juvenile phase in the ocean. We observed similar trends among α
and β Ricker parameters. Among subsidized populations, we found that increases or
decreases in K, γ, and δ parameters resulted in larger annual fluctuations in total spawners
and potentially prolonged time at which populations stabilized.
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Table 5.4. Sensitivity analysis of model variables. Sensitivity (S) of total number of
return spawners to model parameters of modeled sea lamprey stabilized population level.
Variables include larval mortality-at-age (ML), mortality of metamorphosis and migration
to the ocean (MMet), juvenile mortality (MJuv), α and β Ricker parameters, and γ and δ
logistic nutrient model parameters. |S| values above 1.00 were deemed “sensitive” and
are indicated in bold.

Mortality

ML1
ML2
ML3
ML4
ML5
ML6
ML7
ML8
ML9
ML10
ML11
ML12
MMet
MJuv

Nominal
Value
0.74
0.07
0.05
0.09
0.12
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.60
0.413

Recruitment

α
β

0.00058
1.0 10-10

2.451
-0.991

Growth

γ
δ

-4.0
1.0 10-5

-2.015
0.612

Parameter

S
-6.880
-0.178
-0.124
-0.234
-0.319
-0.260
-0.271
-0.280
-0.252
-0.184
-0.119
-0.054
-2.323
-2.301

Discussion
We constructed a deterministic model to illustrate the complex life history of sea
lamprey. As we expected, the manipulation of model parameters allowed us to explore
potential nutrient feedbacks among freshwater and marine ecosystems. Previous research
has demonstrated increases in freshwater primary standing-stock biomass from sea
lamprey carcasses and assimilation of carcass nutrients within larval conspecifics
(Weaver et al. 2016; Weaver et al. in review). Our model demonstrated the potential role
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of carcass nutrients in stimulating larval growth rates and lowering the age-atmetamorphosis resulting from higher productivity. We illustrate the critical importance
of reciprocal nutrient exchange among anadromous fish between freshwater and marine
systems that may sustain population-level changes.
We hypothesized that sea lamprey recruitment dynamics is driven by changes in
in-stream primary productivion. However, recruitment dynamics may be further shaped
by density dependent (e.g., prey abundance and competition; Klanderud 2010), or
independent (e.g., temperature or flow; Tonkin et al. 2017) processes, or a combination of
both (Jonsdottir et al. 2013). Juvenile sea lamprey in the ocean function as parasitic
predators. Therefore the dynamics of large pelagic fish hosts may substantially influence
juvenile survival (Nislow and Kynard 2009; Silva et al. 2014). Sea lamprey recruitment
may, therefore, be closely linked with the population dynamics of their fish hosts.
We demonstrate that changes in productivity may influence population
demography, but other life history parameters may be affected as well. Research has
demonstrated that larval populations in more productive waters may exhibit shifts in sex
ratios to more females (Johnson et al. 2017). Sea lamprey carcass nutrients may increase
productivity, which may result in more females among populations. One male may mate
with several females (Beamish 1980; Gardner et al. 2012), therefore recruitment
dynamics may be further influenced by populations that are subsidized by carcass
nutrients.
Our model suggests that population demographics may further influence this
reciprocal nutrient exchange across ecosystems. Many animal populations exhibit
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compensatory growth due to interspecific competition for resources. High larval lamprey
densities may reduce individual growth rates and survival, and extend the duration of the
larval period and thus delay metamorphosis (Morman 1987; Murdoch et al. 1992).
Established populations that are at or near carrying capacity likely demonstrate
compensatory growth reflective of limiting resources. Conversely, low densities of
larvae, characteristic of populations facing reduced passage and thus fewer adult returns,
may demonstrate higher growth rates among all cohorts (Purvis 1979; Torblaa and
Westman 1980; Morman 1987). Models that do not account for density-dependent
growth may not accurately capture associated changes in population dynamics, including
the recovery or reestablishment of fish populations (e.g., salmonids, Vincenzi et al.
2012).
We assumed that reciprocal nutrient exchanges among sea lamprey would
influence growth and metamorphosis. These mechanisms have been explored among
other anadromous species including salmonids and may have ramifications for population
demographics and persistence. Anadromous salmon parr residing in freshwaters will
grow for a period of time before undergoing a parr-smolt transformation (i.e., smolting)
that is characterized by a series of energetically demanding physical and physiological
changes (McCormick et al. 1997). Research has demonstrated that higher water
temperatures (entailing higher productivity and resources) provide parr with more
opportunities for growth, which may cause earlier smolting (Zaugg and McLain 1976;
Thorpe et al. 1989). Sea lamprey carcass nutrients stimulate productivity during spring, a
critical period of increasing metabolism of organisms facing nutrient limitations (Hall
1972; Weaver et al. 2015, 2016). Thus, salmon parr subsidized by these resources may
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facilitate compensatory growth as fish approach the smolt window (Guyette et al. 2013;
Sigourney et al. 2013) potentially increasing survivability as subsequent years spent in
freshwater are eliminated (Horton et al. 2009). Globally, many anadromous fish species
are threatened or imperiled (Limburg and Waldman 2009). Thus, our results suggest that
current management strategies may need to consider the reciprocal exchanges between
ecosystems and associated effects on the life history stages of these species.
It is important to note that many of the parameters used in our model are poorly
characterized. Our stabilized model run from the unsubsidized population was sensitive
to several life history and recruitment parameters. Age 1 mortality was the most sensitive
parameter among tested variables (Table 5.4). Population dynamics are largely governed
by three demographic processes: recruitment (i.e., reproduction and early survival),
growth, and mortality (Hilborn and Walters 1992). Our sensitivity analysis demonstrates
that small changes in these demographic processes can have substantial effects on
recruitment and returning populations of spawning sea lamprey. Furthermore, this work
highlights the need for greater life history parameter information among anadromous
species.
Anadromous sea lamprey are a native species to Atlantic coastal waters and are an
important ecosystem engineer and driver of nutrient cycling (Hogg et al. 2014; Weaver et
al. 2016). However, sea lamprey have garnered notoriety from their invasion into the
Laurentian Great Lakes and contribution to the decimation of native fish populations and
altered food web dynamics (Applegate 1950; Bronte et al. 2003; Ricciardi 2006; Great
Lakes Fishery Commission 2017). Anadromous and landlocked populations exhibit
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similar life-history strategies, but the ecological implications have invoked differing
fisheries management actions.
Our modeling exercise was framed in the context of conserving anadromous
Atlantic coastal populations, however these results may have important implications for
how sea lamprey are managed in other systems. Landlocked Great Lakes sea lamprey are
managed as a pest species, and recruitment dynamics may be influenced by the types of
eradication and control methods used (Jones 2007; Dawson and Jones 2009). However,
generally speaking, managers attempt to control exotic species with limited knowledge of
its life history (Simberloff 2003). For example, streams that are populated by larval sea
lamprey are managed to receive scheduled applications of lampricide (Great Lakes
Fishery Commission 2017). However, results from our model suggest that sea lamprey
nutrients increase larval growth rates, which is consistent with prior work from the Great
Lakes suggesting that more productive waters (nutrient runoff from agriculture) contain
faster growing larvae that reach metamorphosis at younger ages (Purvis 1980; Morkert et
al. 1998; Griffiths et al. 2001). Therefore, predictive models used to inform management
and control measures for larval lamprey (Treble et al. 2008) may need to account for
demographic shifts. Our model demonstrates the consequences of potential feedback
mechanisms that may influence management actions to conserve and restore ecosystem
functions or control and eradicate an invasive species.
Currently, natural resource management has shifted focus towards ecosystem
restoration (Palmer et al. 2014). Our model "closes the nutrient loop" and demonstrates a
feedback process by which sea lamprey carcass nutrients influence spawning stocks by
serving as an energy surplus that may improve larval fitness metrics including survival
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(Hall 1972; Hall et al. 1992), and thus may alter the supply of nutrients deposited in
freshwater streams. Positive feedback mechanisms may indicate potential alternative
states that vary in species abundance or ecological functioning (Suding et al. 2004;
Schroder et al. 2005; Kefi et al. 2016). Therefore, linkages between freshwater and
marine systems that are intact may function differently from ecosystems in which barriers
such as dams inhibit fish passage and sever those linkages. Broadly, our work highlights
the importance of identifying and elucidating ecological functions among species that
link multiple ecosystems.
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